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Bacterial antibiotic resistance (AR) imposes a huge threat to public health worldwide. Overuse
and misuse of antibiotics in human medicine and animal agriculture resulted in the development
of antibiotic resistant bacteria, including pathogens. Bacteria possess an inherent ability to share
their genetic information by means of horizontal gene transfer (HGT), a property that favors
dissemination of AR genes among neighboring bacteria. The animal gut, the reservoir of AR
bacteria and AR genes, acts as a source for environmental contamination and propagation of AR
through manure and water. There has been an increased incidence of AR Salmonella infections in
humans in recent years. Most of the human infections are linked to direct and indirect contact with
animals, especially poultry and farm environment. Therefore, an ideal approach for controlling AR
Salmonella infections in humans would take animal and environmental components.
Phytochemicals have gained interest as an alternative for antibiotics due to their antimicrobial
properties, especially against AR bacteria. This Ph.D. dissertation investigated the potential of
phytochemicals for their anti-HGT activity in the animal gut and farm environment for potential
future application as an animal feed ingredient and as a manure and water treatment in animal
production systems, respectively. The efficacy of phytochemicals, trans-cinnamaldehyde (TC),
carvacrol (CR), caprylic acid (CA) and beta resorcylic acid (BR) in reducing the transfer of betalactamase gene (blaTEM) from multi-drug resistant Salmonella to a nonpathogenic E. coli in LuriaBertani broth, animal manure and water was investigated. Additionally, the efficacy of TC and CR
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in reducing the HGT transfer frequency of beta-lactamase gene (blaTEM) in the invertebrate model,
Caenorhabditis elegans, and chicken was determined.
Furthermore, the phytochemical-mediated mechanisms of anti-HGT activity were investigated by
conducting gene expression analysis of conjugation associated genes, followed by electron
microscopic examination of Salmonella pili and by plasmid curing assay.
The results from in vitro studies in broth, manure, and water revealed a significant reduction in the
transfer frequency of the blaTEM from Salmonella to E. coli in the presence of sub-inhibitory
concentrations of the four phytochemicals. Moreover, the phytochemicals altered the expression
of conjugation-associated genes in Salmonella, which was confirmed by a reduced piliation on
Salmonella. In-feed supplementation of TC and CR also yielded reductions in HGT frequency in
the C. elegans and chicken gut models. Collectively, these results suggest the potential use of
aforementioned phytochemicals for controlling HGT-mediated AR dissemination in animal gut
and environmental niches. However, follow-up studies with a large number of birds are warranted
before recommending the application of phytochemicals for controlling AR spread in commercial
poultry production.
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CHAPTER I
Introduction

1

In the United States, antibiotic resistant (AR) infections cause more than 2.8 million
illnesses and 35,000 deaths annually (2019 CDC’s AR Threats Report). A large number of
antibiotics are used for therapeutic and prophylactic purposes in human and veterinary medicine
(Economou and Gousia., 2015). In addition, a number of antibiotics have been used as growth
promoters in farm animals (Schwarz et al., 2001). The widespread and injudicious use of
antibiotics in human medicine and animal production have resulted in the emergence of drugresistant bacteria (Khachatourians, 1988). Furthermore, the impact of antibiotic usage extends
across human and animal agricultural settings, and leads to the accumulation of antibiotic residues,
AR bacteria, and AR genes (ARGs) in various environmental niches. A significant portion of the
ingested antibiotics in humans and animals is excreted unchanged and introduced into the
environment directly through manure or water systems (Manyi-Loh et al., 2018). The
environmental discharge of antibiotic residues creates selection pressure and promotes
dissemination of ARGs from the resistant bacteria to the resident environmental microbes (Zhang
et al., 2013; Fang et al., 2015). The propagation of AR bacteria and ARGs in the environment
subsequently leads to human exposure of AR bacteria via food or indirect contact with the farm
environment (Economou and Gousia., 2015). Several studies have reported that the transfer of AR
bacteria from animal sources to humans occurs primarily via animal-derived foods, manure and
water (Forsberg et al., 2012; Manyi-Loh et al., 2018). Hence, it is critical to prevent antibiotic
resistance development and propagation to control multidrug resistant foodborne infections.
Among the various foodborne pathogens, Salmonella has gained immense interest due to
its multidrug resistance profile and outbreaks related to poultry-derived products (CDC, 2014).
Every year, Salmonella related outbreaks cause more than 1.35 million illnesses, 26,500
hospitalizations, and 420 deaths in the United States (CDC, 2020). Among various Salmonella
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serotypes, S. Heidelberg, and S. Typhimurium DT104 are most commonly associated with human
foodborne AR infections in the United States (CDC, 2009; FDA, 2010). With the excessive use of
beta-lactam antibiotics in animal production, Salmonella has evolved resistance against this
antibiotic by producing beta-lactamase enzymes, which are encoded by blaTEM gene (Jiang et al.,
2014). Antibiotic resistance conferring blaTEM is carried in plasmids and capable of transferring
the resistance gene between different bacterial species (Gonzalez et al., 2013).
Bacterial population share their ARG mainly through horizontal gene transfer (HGT) via
three different mechanisms for the genetic exchange between donor and recipient bacteria. HGT
can occur either by conjugation (plasmid-mediated), transduction (phage-mediated), or
transformation (uptake of naked DNA). Plasmid-mediated bacterial conjugation is the most
common conduit for genetic transfer among bacteria. Conjugation is mediated by F factor (fertility
factor), which exists as an extrachromosomal element (plasmid) capable of self-transfer to other
neighboring bacteria. Filamentous structures called F pili are required for the initial cell-to-cell
contact in F conjugation systems. F pilus formation is encoded by the F transfer region, consisting
of several transfer (tra) genes required for F pilin subunit formation (traA, traQ, traX) and
assembly (traL, traE, traK, traB, traV, traC, traW, traU, traF, traH, traG, trbC, trbI). Once the
cell-to-cell contacts are made, F plasmid undergoes DNA processing and replication (mediated by
traY, traM, traD genes), followed by DNA transfer to the recipient bacterium. Moreover, tra gene
expression is regulated by FinOP fertility inhibition systems, where the finO gene represses the
expression of traJ regulatory gene. Studies identifying structure of F pilus have revealed that
mutation in any of the tra genes could result in altered piliation-associated phenotypes (Costa et
al., 2016). Hence, identification of therapeutic targets that could reduce bacterial conjugation can
plausibly aid in mitigating AR spread by inhibiting HGT.
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With the animal gut being a reservoir for AR bacteria and ARGs (Schjørring et al., 2011),
innovative on-farm strategies for controlling HGT in animals and farm environments are important
for controlling AR infections in humans. Environmentally safe molecules that can be applied as
feed ingredient for animals and as treatments in water and manure represent the most practical
method for controlling AR dissemination in the food production continuum. Previous research
conducted in our laboratory identified the potential use of several phytochemicals as an antibiotic
alternative in poultry production (Kollanoor-Johny et al., 2012; Venkitanarayanan et al., 2013;
Upadhyay et al., 2014). Apart from the anti-pathogenic activities, phytochemicals have been
shown to positively modulate the gut microbiome (Mooyottu et al., 2017), reduce pathogen
presence in soil (Fancher et al., 2015), poultry feed (Yin et al., 2015), cecal contents (Johny et al.,
2010) and poultry drinking water (Johny et al., 2008). Studies have also reported a reduced
prevalence of AR pathogens in broilers after in-feed phytochemical supplementation (Saliu et al.,
2018). Therefore, based on our previous research, published literature and preliminary studies
conducted in our laboratory, it is hypothesized that select phytochemicals, including transcinnamaldehyde (TC), carvacrol (CR), caprylic acid (CA) and β-resorcylic acid (BR) would reduce
horizontal transfer of blaTEM between multidrug-resistant Salmonella to nonpathogenic E. coli.
The specific objectives of this Ph.D. dissertation include:
1. To investigate the efficacy and mechanistic basis of phytochemicals in disrupting
horizontal transfer of blaTEM between multidrug resistant Salmonella and non-pathogenic
E. coli in vitro.
2. To investigate the efficacy of phytochemicals in inhibiting the horizontal transfer of blaTEM
between multidrug-resistant Salmonella and non-pathogenic E. coli in manure, water,
Caenorhabditis elegans (invertebrate model) and chicken gut.
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CHAPTER II
Review of Literature

9

The discovery of penicillin by Dr. Alexander Fleming in 1928 marked the beginning of an
important era in public health, which triggered the availability of an array of natural and synthetic
antibiotics. This contributed to enhanced infection control worldwide and a rise in life expectancy
in the twentieth century. Afterward, in the 1940s, it was demonstrated that feeding sub-therapeutic
levels of antibiotics improved feed efficiency and accelerated animal growth, which was followed
by a large-scale application of antibiotics in food animal production. Several antibiotics have been
used as growth promoters in farm animals, and a recent FDA report estimated that 6 million kg of
medically important antibiotics were used in food animal production in the US in 2018 (FDA,
2019). The widespread and long-term use of antibiotics in human medicine, veterinary medicine,
and animal agriculture and potentially their misuse led to the emergence of antibiotic-resistant
bacteria, creating a major health hazard to humans and animals globally. This has not only
prompted many countries to restrict antibiotic usage in animal agriculture, but also generated a
worldwide quest for developing alternatives to antibiotics for infection control.

1.

Antibiotics in animal agriculture
Increased productivity, efficiency, and profitability are critical for the economic

sustainability of food animal production, where a variety of antibiotics is used for multiple
purposes. Antibiotics are used at therapeutic concentrations for treating diseases, prophylactic
levels for preventing diseases, and at “metaphylaxis” levels to treat disease in sick animals while
preventing disease in non-infected animals (McEven and Fedorka-Cray, 2002; Viola and
DeVincent, 2006). The use of antimicrobials at sub-therapeutic levels as growth promoters
increases growth performance and prevents disease occurrence in livestock (Erik and Knudsen,
2001). In-feed supplementation of antibiotic growth promoters (AGP) confers greater resistance
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to disease challenge and reduces morbidity and mortality, especially in young and weaned animals
(Cromwell, 1991; Swick, 1996; Stein and Kil, 2006). However, the primary benefit of feeding
AGPs to livestock is cost savings through improved weight gain and feed efficiency (Zimmerman,
1986; Swick, 1996; Bilkei and Biro, 1998; Jacela et al., 2009; McDonald and McBride, 2009). The
cost benefits are translated through the various segments of the food production industry, including
the feed industry, animal production, food processors, retailers, and consumers (Ferket, 2003).
However, the continued use of AGPs in animal agriculture has received enormous scrutiny from
the scientific community and regulatory agencies in light of concerns of residues and bacterial
antibiotic resistance (AR), especially in the food chain (Chapman et al., 2002; Huyghebaert et al.,
2011; Cox et al., 2015; Chang et al., 2015) Although antibiotic resistance development in human
pathogens can be attributed to inappropriate use in human patients, it is increasingly acknowledged
that antibiotic use in veterinary medicine and food animal agriculture also contributes significantly
to the problem (Piddock, 1996; Altekruse et al., 1997; Barton, 1998; NRC, 1998; Johnston, 1998;
White and McDermott, 2001; McDermott et al., 2002; McEwen and Fedorka-Cray, 2002; Angulo
et al., 2004; Pakpour et al., 2012). Several studies reported an increase in antibiotic resistance of
pathogens and fecal flora after the introduction of antimicrobials in veterinary medicine (Mathew
et al., 1998, 1999; Bander, 1999; Mathew et al., 2001). A report from the World Health
Organization (WHO) summarized that antibiotic usage in food production animals increases drug
resistance in pathogens as well as creates a high risk for resistance transfer from animals to humans
(WHO, 1997). Similarly, feeding of antibiotics to animals has been linked to the potential selection
of resistant bacteria in concentrated animal feeding operations and agricultural ecosystems (Docic
and Bilkei, 2003; Adijiri-Awere and Van Lunen, 2005; Mathew et al., 2007; Pakpour et al., 2012).
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Approximately 80% of the antibiotics sold in the U.S. is used in livestock production, of
which 70% are medically important drugs (FDA, 2009). On an average, the annual antibiotic
consumption in animals was found to be 45 mg/kg, 148 mg/kg, and 172 mg/kg for cattle, chicken,
and pigs, respectively (Van Boeckel et al., 2015). The classes of drugs widely used in agriculture
that are medically important to humans include β-lactams, tetracyclines, aminoglycosides,
lincosamides, macrolides, pleuromutilins, and sulphonamides. A majority of these antibiotics are
not used in veterinary medicine, but are administered in sub-therapeutic doses in livestock to
marginally improve growth rates, improve feed conversion efficiency, and for disease prevention
(Mellon et al., 2001, Van Boeckel et al., 2015). A variation in antibiotic usage pattern among
different geographical areas has been reported, which varies depending on the animal species,
intensive or extensive farming, lack of clear legislative policies on the use of antibiotics, and most
importantly, the size and socioeconomic status of the population, and the farmers in particular
(Bester and Essack, 2012; Van Boeckel et al., 2015). Moreover, the use of non-essential antibiotics
for growth promotion activities remains unregulated in many underdeveloped countries (Maron et
al., 2013). Antibiotics are administered through feed and water, which could result in unnecessary
and increased exposure of antibiotics to healthy animals. Moreover, as the animals compete for
food sources, doses of antibiotic consumed by individual animals may vary, with some animals
receiving greater amounts than others. These factors result in a differential selective pressure on
bacterial commensals, which could lead to the selection for resistant commensals that could persist
in the environment (Founou and Essack, 2010).

2.

Antibiotic Resistance
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Antibiotic resistance has emerged as a major source of morbidity and mortality worldwide.
The plausible causes of global spread of AR microorganisms and AR genes (ARGs) include
excessive use of antibiotics in animals (food, pets, aquatic) and humans, antibiotics sold over-thecounter, increased international travel, poor sanitation/hygiene, and release of non-metabolized
antibiotics or their residues into the environment through manure/feces (Aslam et al., 2018). These
factors contribute to the genetic selection pressure for the emergence of AR bacterial infections in
the community. It is estimated that about 1 million people died globally from AR infections
between 2014 and 2016. In the United States, approximately 2.8 million AR infections occur each
year resulting in more than 35,000 deaths (CDC, 2019). Current projections suggest that AR
microorganisms will be responsible for approximately 300 million premature deaths across the
globe by the year 2050 (O’Neill, 2015). The economic impact of AR could be as high as $20 billion
over direct health care costs and $35 billion in lost productivity (CDC, 2013).
Antibiotic resistance can occur as a natural selection process, where nature empowers all
bacteria with some degree of low-level resistance (Levy, 1992). It is believed that microorganisms
underwent Darwinian selection to develop some stringent mechanisms for fighting the lethal
effects of natural, microbial-derived antimicrobial substances (Aminov, 2009; Forsberg et al.,
2014). For example, functional metagenomic analysis of soil microbes has revealed an extensive
diversity in genetic determinants associated with antibiotic resistance. Selection pressure
increases with the introduction of new antibiotics, which allows the bacterial adaptive mechanisms
to exacerbate the selection of more virulent and naturally resistant bacteria. With the inappropriate
use of antibiotics in multiple arenas, including animals and agriculture, resistance has now
emerged against almost all of the commercially available antibiotics (Hwang and Gums, 2016).
When vancomycin was first introduced in 1972 to fight methicillin-resistant Staphylococcus
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aureus and coagulase-negative Staphylococci (Sengupta et al., 2013; CDC, 2015), it was believed
that induction of vancomycin resistance would be difficult/unlikely in clinical settings (Sengupta
et al., 2013). However, cases involving vancomycin resistance were reported by 1979 (Sengupta
et al., 2013).

3.

Antibiotic Resistance Mechanisms in bacteria
Bacterial antibiotic resistance mechanisms can generally be classified into four major

categories, including (i) reduced uptake of a drug; (ii) modification of a drug target; (iii)
inactivation of a drug; and (iv) active drug efflux (Reygaert, 2018).
(i)

Reduced drug uptake: The lipopolysaccharide layer in Gram-negative bacteria acts as a

barrier to some molecules, thus providing these bacteria innate resistance to certain groups of large
antimicrobial agents (Fair, 2014). For example, the high lipid composition in the outer membrane
of Mycobacteria permits access by hydrophobic drugs such as rifampicin and the fluoroquinolones
to the cell; however, hydrophilic drug molecules have limited entry (Lambert, 2002). In Gramnegative bacteria, substances often enter the cell through porin channels on the outer membrane,
which generally allow access to hydrophilic molecules (Blair et al, 2014). These bacteria limit
drug uptake by either reducing the number of porin channels (Chow and Shlaes, 1991) or by
developing mutations that change the sensitivity of porin channels (Thiolas et al., 2004).
(ii)

Drug target modification: There are several bacterial targets for antibiotics, modifications

of some of which can confer resistance. For example, alterations in penicillin-binding proteins
(PBPs) by Gram-positive bacteria impact the ability of the drugs to bind to that target. Also, a
change in the structure of PBP2a in S. aureus (by acquisition of the mecA gene) may decrease or
totally inhibit drug-binding (Raygaert, 2009). Similarly, point mutations occurring in the rifampin-
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binding region of rpoB increases the bacterial resistance against rifampin, an antibiotic involved
in the combination therapy against M. tuberculosis (Sharma and Mohan., 2006). Mutations leading
to chromosomal overexpression of dihydrofolate reductase enzyme with reduced affinity for
trimethoprim induce a resistance in E. coli and H. influenzae (Skold, 2001). Likewise, resistance
against tetracycline, aminoglycoside, and macrolide-lincosamide-streptogramin (MLS) classes of
antibiotics can be acquired by mutations in multiple 16s rRNA and 23s rRNA operons (Hisanaga
et al., 2005).
(iii)

Drug inactivation: Bacteria inactivate antibiotics either by drug degradation or by the

transfer of a chemical group to the drug. The β-lactamases are enzymes which cleave the β-lactam
ring of β-lactam antibiotics, making them ineffective. Genes responsible for the production of βlactamases are mostly found in plasmids, which carry a variety of bla genes, facilitating their
spread through bacterial populations (lekshun and Levy, 2007). Examples of transfer of chemical
group to drugs include transfer of acetyl, phosphoryl, and adenyl groups. Acetylation, the most
commonly employed mechanism, provides resistance to aminoglycosides, chloramphenicol,
streptogramins, and the fluoroquinolones (Blair et al., 2015).
(iv)

Active drug efflux: Efflux pumps function to primarily pump out toxic molecules from the

bacterial cell and are found in both Gram-negative and Gram-positive bacteria. Bacteria possess
chromosomally encoded genes for efflux pumps. Efflux pumps are encoded by genes that can be
either intrinsic or acquired. Examples of efflux pumps include AcrAB/TolC in E. coli, NorA in S.
aureus, and LmrA in Lactococcus lactis (Kaur and Peterson, 2018).

4.

Role of livestock and farm environments in the dissemination of AR
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Food-producing animals serve as reservoirs for AR microorganisms because of the high
use of antibiotics for prophylaxis, growth promotion, and metaphylaxis (Rousham et al., 2018).
Globally, animal husbandry accounts for over one-half of all antibiotic use (Van Boeckel et al.,
2017), which is projected to reach over 200,000 tons by 2030. A significant portion of the
antibiotics used in animal husbandry can be found in the gastrointestinal tract of animals at low
and sub-lethal concentrations, which inhibit the growth of susceptible bacterial populations
(Woolhouse et al., 2013; Zhu et al., 2017). This potentially exerts selective pressure on the gut
bacteria to acquire antibiotic resistance genes, thereby leading to resistant populations (Gullberg
et al., 2011). When these AR bacteria and ARGs disseminate to surrounding environments, it leads
to environmental pollution, with ARGs as contaminants. For example, when AR bacteria in the
livestock gastrointestinal environment are excreted, ARGs are disseminated into receiving
environments such as soil and water. Subsequent ARG propagation would increase the likelihood
of human exposure, particularly for agricultural workers and those living in neighboring areas.
Native soil microbial populations acquire ARGs through interaction with human and/or animalassociated microbial species (Martinez, 2008; Fletcher et al., 2015). ARGs can also enter through
amendment of soil with manure from antibiotic-treated animals, which are considered a reservoir
of such genes (Marti et al., 2013; Udikovic-Kolic et al., 2014; Fletcher et al., 2015).
Numerous studies have documented the occurrence of ARGs in livestock wastes, including
manure, wastewater, lagoon slurry, and sediments, which was at a much higher level (up to of
28,000 times more) than those detected in the background soil or water (McKinney et al., 2018;
Han et al., 2018; Yuan et al., 2019). ARGs abundance in untreated livestock waste varied from 10 6
– 1011 copies/g dry weight absolute. It was found that chicken farms harbor three to five times
more ARGs than that of hospital and municipal wastes (He et al., 2020). The higher levels of
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antibiotic residues resulting from the continuous use of antibiotics for growth promotion and
disease prevention have contributed to higher ARGs concentrations in livestock waste when
compared to human waste (Sim et al., 2011; Ekpeghere et al., 2017). In addition, chicken and
swine manure were found to have more ARG diversity than cattle manure (Qian et al., 2018). A
correlation was reported between tetracycline use in swine and abundance of tetM, tetO, tetQ, and
tetW in swine lagoon samples (Peak et al., 2007). In another study, high number of resistance
genes sul1, sul2, and blaTEM correlated with greater sulphonamide use in weaning piglets (Binh et
al., 2008). However, reduction in antibiotic use only led to a small percentage decrease in
resistance levels, and the resistance genes persisted for many years, even in the absence of
antibiotics (Johnsen et al., 2009).
Animal manure thus represents an important source of AR bacteria, AR genes, and
pathogens. It has been documented that AR bacteria are abundant in manure from animals with
no history of antibiotic treatment, indicating the natural presence of bacteria intrinsically resistant
to antibiotics in animal gastrointestinal tracts (D’Costa et al., 2011; Wichmann et al.,
2014). Application of manure to soil is the major propagation pathway of ARGs in the
environment (Dungan et al., 2018). The abundance of total ARGs in manured soil varied from 106
– 10 10 copies/ g of soil which was 28,000 more when compared to the un-manured soil (Chen et
al., 2016; Han et al., 2018). In addition, several studies have reported the adverse impact of soil
fertilization with pig, chicken, and cow manure on the soil resistome and the transfer frequency
onto vegetables (Heuer and Smalla, 2007; Jechalke et al., 2013; Marti et al., 2013; Wichmann et
al., 2014; Udikovic-Kolic et al., 2014). Therefore, there is an increasing concern regarding the use
of manure as an agricultural amendment due to its potential contribution of the pool of resistance
genes to resident soil bacteria, crops, and human pathogens. ARGs can also disseminate through
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air and water environments, and ARG abundance in receiving surface water varied from
undetected to 108 copies/L (Fang et al., 2018). Therefore, it is critical to devise strategies targeting
AR dissemination in farm environment as well as the food animal gut for mitigating AR in the
food supply.

5.

Horizontal gene transfer (HGT)
Horizontal gene transfer or lateral gene transfer is the movement of genetic material

between among and/or between unicellular multicellular organisms. Horizontal gene transfer is
reported as the primary reason for the spread of antibiotic resistance in bacteria, resulting in rapid
and broad dissemination of antimicrobial-resistance determinants among diverse bacterial species
(Koonin et al., 2001; Barlow, 2009; Gyles and Boerlin, 2014). Acquisition of AR determinants by
HGT may be temporary or permanent. Although several mobile genetic elements like plasmids,
transposons, and integrons can act as vehicles for HGT, plasmid-mediated ARG transmission is
the most common mode of resistance transfer between bacteria. Multidrug-resistant bacteria that
can tolerate almost all available antibiotics have emerged due to the acquisition of horizontally
transferred AR genes on their plasmids (Mathers et al., 2015; Wang and Sun, 2015; MalhotraKumar et al., 2016). Horizontal gene transfer occurs in all environmental niches. The animal gut
is considered the “melting pot” of HGT due to the dense and diverse nature of the gut microbial
populations and the protection it provides to the DNA during its transfer (Shterzer and Mizrahi,
2015).
The three classical pathways of HGT are conjugation, transduction, and transformation,
out of which conjugation constitutes the primary mechanism by which HGT occurs in bacteria
(Frost., 2009).
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5a. Conjugation
Conjugation requires a mating pair formation or cell-to-cell contact, usually via a pilus or
pore that forms a channel allowing for the passage of mobile elements like plasmid DNA from
donors to recipients. Conjugation is the most common mode of gene transfer of tetracycline and
gentamicin resistance between enterococci (Hodel-Christian and Murray, 1991). Conjugation
mostly involves plasmids as they are small genetic elements and contain the genetic machinery
required for the transfer (Thomas and Nielsen, 2005). The process of conjugation can occur
between bacteria in different ecosystems, including soil, water, insect gut, and various food
matrices (Davison, 1999). Conjugation occurs in a multi-step process that involves direct cell-tocell contact using conjugative pili, mating pair formation, and finally, DNA exchange. External
appendages known as F pili aid in the adhesion to recipient cells. F pili are 1 to 2mm long
filamentous structures extending from the surface of donor cell (Achtman et al., 1978). There are
different steps in pilus biogenesis, which include prepilin processing, pilin extraction, and pilus
elongation (Cabezon et al., 2015). F pilin is comprised of a single protein subunit called F pilin.
The transfer (tra) region of F plasmids consist of several tra products and are required for F-pilus
subunit synthesis and F-pilus assembly. Specifically, tra genes such as traA, traQ and traX are
required for F-pilin subunit synthesis. F-pilus assembly is mediated by an array of tra genes, which
include traL, traE, traK, traB, traV, traC, traW, traU, traF, traH, traG, trbC and trbI. Studies
have shown that mutations in any of these tra genes could result in altered piliation associated
phenotypes (Costa et al., 2016). Additionally, in F-like plasmid harboring donor cells, conjugative
transfer is repressed by certain fertility inhibition factor (finO), which in turn inhibit the expression
of traJ regulatory gene.
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Following pilus synthesis, substrate transfer occurs through a complex process. The DNA
contained within conjugative plasmids/MGE are initially recognized by specific factors within the
relaxosome, which consist of proteins bound to the oriT (origin of transfer) site of the donor
cytoplasm. TraI is a relaxase of F plasmid and is involved in DNA binding and cleavage (AbdelMonem et al, 1983). Auxillary proteins, TraY and TraM regulate gene expression in IncF plasmids
(Schwab et al., 1993; Penfold et al, 1996; Silverman and Sholl, 1996). Once DNA cleavage occurs,
nucleoprotein complex is transferred to the membrane channel to initiate transfer (Llosa et al,
2002). This is followed by relaxase unfolding and substrate delivery using VirB system. The DNA
passage through the secretion channel is accompanied by termination of F transfer by TraI protein.
It is proposed that termination of F transfer by TraI is dependent on recognition of reconstituted
oriT site (Wilkins and Lanka, 1993; Lanka and Wilkins, 1995).
5b. Transformation
Transformation includes the process of uptake, integration, and expression of extracellular
DNA under natural conditions. For transformation to occur, both the donor and recipient cell
should be under a state of competence, which requires the involvement of 20-50 proteins (Thomas
and Nielsen, 2005). Studies have shown that transformable bacteria develop time-limited state of
competence depending on the environmental conditions (Thomas and Nielsen, 2005). Further, it
is known that the presence of antibiotics in the bacterial environment can promote competence in
bacteria, thereby disseminating AR genes (Prudhomme et al., 2006; Charpentier et al., 2011).
Examples of transforming human pathogens include Campylobacter, Haemophilus, Helicobacter,
Neisseria, Pseudomonas, Staphylococcus, and Streptococcus. (Lorenz and Wackernagel, 1994).
5c. Transduction
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Transfer of ARGs using bacteriophages has been well established (Ubukata et al., 1975;
Hyder and Streitfeld, 1978; Mazaheri Nezhad Fard et al., 2011). Bacteriophages transfer genes
that are advantageous to their host through a process called transduction. Some examples include
transduction of erythromycin via their endogenous phage (Hyder and Streitfeld, 1978),
transduction of tetracycline resistance with phages induced from strains of S. pyogenes (Ubukata
et al., 1975), transduction of tetracycline and gentamicin resistance between enterococci using
temperate bacteriophages from environmental samples (Mazaheri Nezhad Fard et al., 2011), and
carriage of β-lactamase genes by bacteriophages in E. coli (Billard-Pomares et al., 2014) and
Salmonella (Schmieger and Schicklmaier, 1999). In addition, research has revealed that antibiotic
usage increases the number of ARGs in the phageome of mice intestine and expanded the
interactions between phage and bacterial species (Modi., et al., 2013). However, the requirement
that both donor and recipient bacterial sensitivity to the same bacteriophage limits the chances of
transduction in the environment.

6.

Antibiotic resistant Salmonella
Poultry is a major agriculture sector, with chicken being the most commonly farmed

species worlwide. Every year, over 90 million tons of chicken meat is produced worldwide and is
considered as a good source of animal protein (FAO, 2017). In terms of food safety, poultry has
been reported to be associated with approximately 25% foodborne disease outbreaks during the
1998-2012 surveillance period (Chai et al., 2017). Of the total poultry-related disease outbreaks,
Salmonella accounted for 43%, followed by Clostridium perfringens (26%) (Chai et al., 2017).
Public health concerns associated with poultry products have elevated due to the increased
incidence of AR bacteria from poultry (Mor-Mor and Yuste, 2010). A wide range of antimicrobials
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are used in the poultry industry (Agunos et al., 2012; Landoni and Albarellos, 2015), including
those that are clinically important for human medicine (WHO, 2017). Therefore, resistant
pathogenic bacteria that are transferred from poultry to humans via consuming contaminated
poultry products (e.g., meat, eggs) are a major health hazard (van den Bogaard and Stobberingh,
2000).
Salmonella is a leading cause of foodborne illnesses, causing 1.35 million illnesses, 26,500
hospitalizations, and 420 deaths annually in the US (CDC, 2020). Humans gets infected with
Salmonella by consumption of contaminated food products or from contact with infected animals
and humans. Salmonella infections in humans are characterized by diarrhea, abdominal pain,
nausea, and vomiting. However, AR Salmonella infections can be severe with higher
hospitalization rates infection leading to septicemia and death unless treated with appropriate
antimicrobials, including fluroquinolones, macrolides, and third generation cephalosporins
(Klotchko and Wallace, 2011).
In the US, the most common Salmonella serovars linked to human infections include
Salmonella enterica serovars Typhimurium, Enteritidis, Newport, and Heidelberg (CDC, 2009;
FDA, 2010). Among these serotypes, two AR resistant epidemiologically important Salmonella
associated with foodborne infections include S. Typhimurium and S. Heidelberg (CDC, 2008;
FDA, 2010).
S. Typhimurium definitive phage-type 104 (DT104) is one of the multidrug resistant clonal
groups of S. Typhimurium that poses a significant public health problem worldwide (McEwen and
Fedorka-Cray, 2002; Martin et al., 2004; Varga et al., 2008). The prevalence of DT104 infection
has increased from 0.6% of human isolates in 1979 to 23% in 2004 (Holmes and Chiller, 2004).
DT104 isolates are characterized by resistance to up to nine antibiotics, including ampicillin (A),
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chloramphenicol (C), streptomycin (S), sulfonamides (Su), and tetracylines (T) (ACSSuT) (Van
Duijkeren et al., 2003). Resistance to ACSSuT is attributed to the presence of five genes, aadA2,
sul1, a cmlA homolog, tetA, and blaP1 that confer resistance to streptomycin, sulfonamides,
chloramphenicol, tetracyclines, and β-lactam antibiotics, respectively (Ridley and Threlfall, 1998;
Briggs and Fratamico, 1999). Since DT104’s resistance to multiple antibiotics is chromosomally
mediated, the removal of selective pressure from these antibiotics would not reverse the resistance
(Humprey, 2001). Increased hospitalization, mortality, and cost associated with DT104 infection
in humans has also been reported (Travers et al., 2002; Martin et al., 2004).
S. Heidelberg has emerged as one of the common serovars associated with foodborne
infections in humans (Patchanee et al., 2008; Folster et al., 2012). S. Heidelberg is frequently
isolated from clinical cases of salmonellosis, food animals, and retail meats in the United States
(CDC, 2009). S. Heidelberg contributed to approximately 7% of Salmonella-related deaths in the
United States, which is the second highest after S. Typhimurium (Kennedy et al., 2004). Although
S. Heidelberg outbreaks have been associated with several foods of animal origin (Chittick et al.,
2006), poultry-derived foods serve as the major reservoir of human infections in the United States
and Canada (Currie et al., 2005; Liljebjelke et al., 2005; Foley et al., 2008). For example, while
analyzing the association of various Salmonella serovars with specific food commodities
implicated in outbreaks from 1998-2008 in the US, Jackson et al. (2013) reported that more than
80% of outbreaks caused by S. Heidelberg were attributed to poultry products. Two striking
characteristics of S. Heidelberg that play a critical role in human infections are their high
invasiveness in the host and resistance to multiple antibiotics. S. Heidelberg strains resistant to
multiple antibiotics have been isolated from foods, especially poultry (Lynne et al., 2009; Folster
et al., 2012; CDC, 2014) thereby raising concerns for poultry products serving as a reservoir of
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multidrug resistant foodborne salmonellosis in humans. The present antibiotics that S. Heidelberg
is most commonly resistant to are ceftriaxone, streptomycin, tetracycline, sulfamethoxazole,
chloramphenicol, and trimethoprim-sulfamethoxazole (NARMS, 2010; Hoffman, 2014). The
occurrence of multiple drug resistance in S. Heidelberg is particularly important because of its
invasiveness and the ability to produce severe extra-intestinal infections (Wilmshurst and Sutcliffe
1995), including septicemia (Demczuk et el., 2000) and myocarditis in humans (Burt et al., 1990).

7.

Strategies for controlling Antibiotic Resistance
Interventions for controlling AR are crucial because of the limited availability of effective

antibiotic therapies for treating life-threatening infections, and the slow pace in the development
of novel antibiotics. Since the drivers of AR include antibiotic use and abuse in human, animal,
and environmental sectors and the spread of resistant bacteria and resistance determinants within
and between these sectors, it is rational to adopt a One Health approach in tackling the issue
(McEven and Collingon, 2018). This includes taking steps to maintain the effectiveness of existing
antimicrobials by removing their inappropriate and widespread use for treatment purposes in
humans and animals. Strategies critical to prevent AR infections in humans include reducing overprescription of antimicrobials, prudent use of antibiotics, and increased hygiene and infection
control. On the other hand, optimizing antibiotic usage in animal agriculture, limiting the use and
type of antibiotics, especially those that are “medically important”, maintaining good animal
health, using alternatives to antibiotics, management of manure containing antibiotics by
composting or biological treatment, and containment of AR genes in manure are effective methods
for controlling AR in animal farming (Berendonk et al., 2015). The measures to curb AR in the
environment include improved controls on pollution from industrial, residential, and agricultural
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sources. Further, routine environmental monitoring and risk assessment should be enforced to
reduce the role of the environment in selection for and spread of AR (Huijbers et al., 2015; O’Neill,
2015). It is also critical to identify cost-effective alternatives to antibiotics for disease prevention
in humans and animals, and enhancement of growth and production efficiency in food animals.
Some of the alternatives to antibiotics for controlling AR include phytochemicals (Upadhyaya et
al., 2014; Jones and Lopper, 2020), probiotics (Ouwehand et al., 2016), bacteriophages (RomeroCalle et al., 2019) and vaccines (Rosini et al., 2020). Only phytochemicals are addressed further
as they constitute the focus of this thesis.

8. Phytochemicals
Phytochemicals are secondary metabolites produced by plants as a defense mechanism
against plant pathogens and insects (Burt, 2004, Upadhyay et al., 2014). These secondary
metabolites include alkaloids, terpenoids, saponins, glycosides, flavonoids, tannins, quinones, and
steroids (Das et al., 2010). Many of these compounds have been used as dietary constituents and
as an herbal ingredient in traditional medicine in many cultures (Wolleweber and Kinzel, 1988).
In general, mechanisms of antimicrobial action of phytochemicals include altered membrane
permeability, disruption of the bacterial cell membrane, impaired ATP synthesis, and leakage of
intracellular contents (Burt, 2004).
Trans-cinnamaldehyde (TC), an aldehyde found in the bark extract of cinnamon, has a
wide safety margin with no observed adverse effects (Adams et al., 2004). Trans-cinnamaldehyde
possesses antibacterial activity against both Gram-positive and Gram-negative bacteria (Bowles
and Miller, 1993). Trans-cinnamaldehyde acts by inhibiting ATPase and by depleting intracellular
ATP production, and also inhibits glucose uptake and its utilization (Gill and Holley, 2004).
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Carvacrol (CR) is a major ingredient present in oregano oil obtained from Origanum glandulosom
(Leyva-López et al., 2017). The mechanisms of action of CR include disruption of cytoplasmic
membrane by increasing membrane permeability and depolarizing its potential (Xu et al., 2008).
β-resorcylic acid (BR, 2,4-Dihydroxybenzoic acid) is a phytophenolic compound found in
angiosperms (Friedman et al., 2003) and is an ingredient in tart cherries, cranberry juice and
avocado (Wagle et al., 2017) ß-resorcylic acid causes pH imbalance in bacterial cells leading to
disruption of biochemical processes (Friedman et al., 2003). Caprylic acid (CA) is an 8-carbon,
medium-chain fatty acid naturally present in breast milk, bovine milk, and coconut oil (Jensen et
al., 1990; Sprong et al., 2001). Caprylic acid has been found to alter bacterial cell membrane
permeability with consequent leakage of cellular contents (Nobman et al., 2010). Since
phytochemicals contain a number of different chemical groups in their structure, their
antimicrobial activity may be attributable to more than one specific mechanism (Skandamis and
Nychas, 2001; Carson et al., 2002; Burt, 2004; Smith-Palmer et al., 2004). Therefore, the potential
for bacteria to developing resistance to plant antimicrobials has been reported to be minimal (Ohno
et al., 2003; Smith-Palmer et al., 2004; Domadia et al., 2007). A few studies have highlighted the
efficacy of phytochemicals for increasing antibiotic sensitivity of drug-resistant bacteria by
synergistic mechanisms when they are combined with antibiotics (Palaniappan and Holley, 2010).
A previous study conducted in our laboratory indicated TC, CR, BR, and their combinations
increased the sensitivity of S. Typhimurium DT104 to five antibiotics by down-regulating ARGs
and efflux pumps in the pathogen (Johny et al, 2010). However, studies showing the efficacy of
phytochemicals in reducing AR dissemination through inhibition of HGT are limited.
Emergence of antibiotic resistance in microorganisms, especially to multiple antibiotics,
has triggered research interest to discover new and effective antibiotics. However, there has not
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been any significant progress in the development of novel drugs. Therefore, it is critical to develop
alternate strategies for controlling antibiotic-resistant bacteria, especially by disrupting the
dissemination of AR bacteria and AR genes through the food production continuum. Therefore,
the goal of this Ph.D. dissertation is to identify phytochemicals for reducing AR dissemination in
farm environment and food animals, with a focus in poultry. Built upon the previous research
conducted by our laboratory and preliminary research, it is hypothesized that four phytochemicals,
including trans-cinnamaldehyde, carvacrol, caprylic acid, and beta-resorcylic acid reduce HGT of
ARG between multidrug resistant Salmonella Typhimurium DT104 and Salmonella Heidelberg to
non-pathogenic E. coli. The specific objectives of this dissertation include

1.

To investigate the efficacy of phytochemicals in inhibiting HGT of AR between MDR

Salmonella and E. coli in Luria Bertani broth, and identify the potential mechanisms behind the
phytochemical-mediated HGT inhibition.

2.

To determine the efficacy of phytochemicals in inhibiting HGT of AR between MDR

Salmonella and E. coli in farm environment (chicken manure, bovine manure and water) and in
Caenorhabditis elegans and poultry gut ex vivo and in vivo.
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CHAPTER III
Efficacy of phytochemicals in disrupting horizontal transfer of β-lactamase gene between
multidrug resistant Salmonella and E. coli in vitro
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Abstract
Antibiotic resistance (AR) has emerged as a global public health threat. Horizontal gene transfer
(HGT) represents the major route for AR spread in bacteria, with conjugation constituting a
common means for dissemination of AR genes. This study investigated the efficacy of four
phytochemicals, namely trans-cinnamaldehyde (TC), carvacrol (CR), caprylic acid (CA) or beta
resorcylic acid (BR) in reducing β-lactamase gene (blaTEM) transfer between multi-drug resistant
Salmonella Typhimurium DT104 or S. Heidelberg and non-pathogenic Escherichia coli.
Approximately 5 log10 CFU/ml each of ampicillin-resistant Salmonella (blaTEM+ve) and nalidixic
acid-resistant E. coli were inoculated in Luria-Bertani broth containing sub-inhibitory
concentrations (SIC) of TC (0.15 mM), CR (0.07 mM), CA (0.49 mM) and BR (0.32 mM), and
incubated at 37oC for 24 h. Transconjugant colonies were recovered by plating on tryptic soy agar
(TSA) containing ampicillin and nalidixic acid, donor Salmonella (DT104) were recovered on
TSA+ ampicillin, and recipients (E. coli) were enumerated on TSA+ nalidixic acid plates.
All four phytochemicals decreased HGT frequency of blaTEM from Salmonella to E. coli compared
to untreated control (P<0.05). RT-qPCR results revealed that the phytochemicals decreased the
transcription of genes responsible for pilus biogenesis and bacterial conjugation (P<0.05). Further,
electron microscopy revealed a phenotypic reduction in pilus formation on phytochemical-treated
Salmonella. Results suggest the potential use of phytochemicals for controlling AR dissemination,
however, appropriate applications need to be validated.
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1. Introduction
Bacterial antibiotic resistance (AR) has emerged as one of the most serious public health
threats globally. The United States Centers for Disease Control and Prevention (CDC) reports that
AR infections account for two million illnesses and 35,000 deaths annually in the United States
(CDC, 2019), with over $20 billion as direct health-care costs and $35 billion in lost productivity
(APUA, 2010). With animals being recognized as a reservoir of AR bacteria, food from farm
animals represent a potential source of these bacteria to humans (Economou and Gousia, 2015).
Bacteria have the ability to share genetic information critical for their survival, thereby resulting
in the potential spread of AR determinants in a diverse environment (Salyers and Amabile-Cuevas,
1997; Aubry-Damon et al., 2004). The natural selection of AR bacteria following exposure to
antibiotics and subsequent genetic transfer of AR genes to commensals highlight the mechanisms
by which AR is significant among bacterial populations in the environment ( Burroughs et al.,
2003; Davies and Davies, 2010). The spread of AR genes among bacteria can also lead to rapid
selection of resistant bacteria in the gut microflora, which in turn can serve as a potential reservoir
of resistance genes for pathogens (Smalla et al., 2000). Moreover, commensal bacteria can act both
as the donor and recipient for AR genes (Schjørring et al., 2011).
Horizontal gene transfer (HGT) or lateral gene transfer is the movement of genetic material
between unicellular and/or multicellular organisms. HGT is reported as the primary reason for the
spread of antibiotic resistance in bacteria, resulting in rapid and broad dissemination of
antimicrobial-resistance determinants among diverse bacterial species (Koonin et al., 2001;
Barlow, 2009; Gyles and Boerlin, 2014). Several mobile genetic elements like plasmids,
transposons, and integrons can act as vehicles for HGT which can enter the recipient cells through
transformation (the uptake of DNA from the environment by the competent cells), transduction

54

(delivery of genetic materials through phage particles) or by conjugation (the direct transfer
between two cells) (Gogarten and Olendzenski, 2009). Among these three mechanisms,
conjugation constitutes a major HGT mechanism for the dissemination of AR genes among human
pathogens (von Wintersdorff et al., 2016). Conjugation requires a mating pair formation or cellto-cell contact, usually via a pilus or pore that forms a channel allowing for the passage of mobile
elements like plasmid DNA from donors to recipients. F pili, the filaments that extend from the
donor cell surface to initiate cell to cell contacts have been proven to be essential for plasmid
conjugation (Firth et al., 1996). Moreover, an efficient activation cascade of an array of
conjugation transfer (tra) genes is involved in the pilus biogenesis and in aggregating mating
stabilization (Firth et al., 1996). In addition, tra gene expression and conjugative transfer are
regulated by several intrinsic fertility inhibition (fin) factors (Firth et al., 1996).
In the United States, approximately 1.35 million infections, 26,500 hospitalizations and 420
deaths occur each year due to Salmonella infections (CDC, 2020). Two major serotypes of multidrug Salmonella associated with foodborne outbreaks, especially animal-derived foods, include S.
Typhimurium DT104 and S. Heidelberg (Nair et al., 2018). Both these serotypes have been found
to possess antibiotic resistance (AR) genes encoding resistance to multiple antibiotics, especially
β-lactamase (blaTEM-1) that confers resistance to β-lactam antibiotics, including penicillin, and
ampicillin. This is significant since the β-lactam antibiotics are commonly prescribed for the
treatment of bacterial infections worldwide (Pitout et al., 1997; Thakuria and Lahon, 2013). The
blaTEM-1, is plasmid-mediated (Larson and Ramphal, 2002) and represents a major mobile genetic
element for HGT to other bacteria, including commensal and pathogenic microbes. Thus, strategies
to inhibit HGT (bacterial conjugation) and subsequent transfer of AR genes would provide
powerful methods for curbing the generation and dissemination of resistant bacteria.
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In recent years, phytochemicals have been proposed as potential alternatives to antibiotics for
controlling bacterial drug resistance (Al Sheikh et al., 2020; Anand et al., 2020). Since
phytochemicals contain a number of different chemical groups in their structure, their
antimicrobial activity is attributable to more than one specific mechanism (Skandamis and Nychas,
2001; Carson et al., 2002; Burt, 2004; Smith-Palmer et al., 2004). Therefore, the potential for
bacteria to develop resistance to plant antimicrobials is negligible (Ohno et al., 2003; Smith-Palmer
et., 2004; Domadia et al., 2007). Although a multitude of plant compounds have exerted
antimicrobial activity against various bacterial pathogens (Johny et al., 2010; Upadhayay et al.,
2014; Pellissery et al., 2020), only a limited number of studies have investigated their inhibitory
effect on bacterial conjugation (Leite et al., 2005; Domadia et al., 2007; Getino et al., 2015).
The objective of this study was to investigate the efficacy of four plant-derived compounds,
namely

trans-cinnamaldehyde (TC), carvacrol

(CR), β-resorcylic acid (BR, 2, 4-

Dihydroxybenzoic acid) and caprylic acid (CA, octanoic acid), for inhibiting HGT of blaTEM from
multidrug resistant Salmonella serotypes to non-pathogenic, commensal E. coli, and understand
the potential mechanism(s) behind the inhibition.
2. Materials and Methods
2.1. Bacterial strains and culture conditions
S. Typhimurium DT104 strain (resistant to ampicillin, chloramphenicol, streptomycin,
sulfonamides, and tetracycline - R-type ACSSuT), multidrug resistant S. Heidelberg (V6FA:
resistant to ampicillin, streptomycin, tetracycline, sulfamethoxazole, chloramphenicol, and
trimethoprim-sulfamethoxazole) were used as donor strains, and an antibiotic-susceptible strain of
non-pathogenic E. coli, OP50, was used as recipient strain. The bacteria were cultured in Luria-
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Bertani broth (LB) by incubation at 37oC for 24 h. Both Salmonella serotypes were streaked on
Xylose Lysine Deoxycholate (XLD, Difco BBL) agar plates containing 100 µg/ml of ampicillin
(Sigma-Aldrich, St. Louis, MO) to confirm resistance towards ampicillin. Additionally,
Salmonella cultures were streaked on XLD plates containing nalidixic acid to confirm their
susceptibility towards nalidixic acid (Sigma-Aldrich, St. Louis, MO).
2.2. Preparation of nalidixic acid resistant E. coli
For selective plating of the recipient bacteria in the conjugation experiments, E. coli OP50
were rendered resistant to 50 µg/ml of nalidixic acid, as described by (Blackburn and Davies.,
1994). Freshly grown E. coli OP50 was inoculated into LB broth containing 5 µg/ml nalidixic acid
and incubated at 37°C for 24 h. After incubation, the culture was streaked on LB agar containing
5µg/ml nalidixic acid and similarly incubated. Colonies from the resulting incubation were
subsequently inoculated into LB broth containing double the concentration of nalidixic acid
(10µg/ml). Subsequent subcultures were repeated as previously outlined with stepwise increments
of nalidixic acid until growth in 50 µg/ml of nalidixic acid was established. The E. coli count was
determined by plating 100 µl of ten-fold serial dilutions of the culture on duplicate Tryptic soy
agar (TSA) and Sorbitol Mac Conkey agar (SMA) (Sigma Aldrich, Boston, MO) containing 50
µg/ml of nalidixic acid, followed by incubation at 37oC for 24 hours.
2.3. Determination of sub-inhibitory concentration of phytochemicals in LB broth
All phytochemicals with ≥ 98% purity were purchased from Sigma Aldrich, and dissolved
in dimethyl sulphoxide (DMSO; Sigma Aldrich, Boston, MA) to obtain 10% stock solution. The
sub-inhibitory concentration (SIC) of TC, CR, CA and BR against donor and recipient bacteria
were determined by agar plating as previously described (Johny et al., 2010). Tubes containing LB
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broth (10 ml) and 1 to 10 l of each phytochemical in increments of 0.5 l were inoculated
separately with Salmonella or E. coli at ~ 6 log10 CFU/ml, and incubated at 37oC for 24 h. Tubes
without any added phytochemical included as controls in addition to DMSO and pH controls. After
incubation, the samples were serially diluted (1:10) in PBS, plated on TSA, and incubated at 37 oC
for 24 h before counting the colonies. The highest concentration of each phytochemical that did
not inhibit bacterial growth after 24 h of incubation was selected as the SIC. The experiment was
done in duplicate and repeated three times.
2.4. Effect of phytochemicals on HGT (conjugation)
Conjugation experiments were conducted in LB broth, as previously mentioned (Walsh et al.,
2008). Ampicillin resistant S. Typhimurium DT104/S. Heidelberg (donor) and nalidixic acid
resistant E. coli (recipient) were incubated separately in 30 ml of LB broth at 37°C for 18 h to form
stationary-phase cultures containing approximately 108 log10 CFU/ml. A 1-ml aliquot from each
stationary-phase culture was serially diluted twice in 9-ml volumes of LB broth to form inoculum
containing approximately 106 log10 CFU/ml culture. The mating experiments were conducted in
8-ml volumes of LB broth by mixing the donor and recipient cell suspensions in 1:1 ratios and
incubating for 24 h at 37°C with or without the SIC of phytochemicals. The donor and recipient
bacteria were also grown individually for 24 h with or without the phytochemicals.
Transconjugants were recovered after serial dilution and plating on TSA containing 100 µg/ml of
ampicillin and 50 µg/ml of nalidixic acid by incubating at 37°C for 24 h. The donor cells were
recovered on TSA-ampicillin (100 µg/ml) plates, and the recipients were enumerated on TSAnalidixic acid (50 µg/ml). The HGT frequencies were determined as follows (Hirt et al., 2005).
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A0 (HGT frequency of Control group) =
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑟𝑎𝑛𝑠𝑐𝑜𝑛𝑗𝑢𝑔𝑎𝑛𝑡𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑔𝑟𝑜𝑢𝑝
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐸.𝑐𝑜𝑙𝑖 𝑟𝑒𝑐𝑖𝑝𝑖𝑒𝑛𝑡𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑔𝑟𝑜𝑢𝑝

A1 (HGT frequency of Treatment group)
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑟𝑎𝑛𝑠𝑐𝑜𝑛𝑗𝑢𝑔𝑎𝑛𝑡𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 𝑔𝑟𝑜𝑢𝑝

= 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐸.𝑐𝑜𝑙𝑖 𝑟𝑒𝑐𝑖𝑝𝑖𝑒𝑛𝑡𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 𝑔𝑟𝑜𝑢𝑝
𝐴1

Relative HGT frequency =𝐴0 × 100
2.5. Colony polymerase chain reaction
The transconjugant bacterial DNA was examined for the presence of blaTEM encoding the βlactamase gene using colony polymerase chain reaction. The recipient E. coli was confirmed by
amplifying the gene coding for universal stress protein A (UspA), which is specific for E.coli,
whereas donor Salmonella was differentiated by the presence of blaTEM and invA genes, which
encode beta-lactamase and Salmonella specific invasion protein, respectively (Rahn et al., 1992;
Chen and Griffiths., 1998). The transconjugants were selected on Mac Conkey agar containing
ampicillin (100 μg/ml) and nalidixic acid (50 μg/ml). The donor and recipient bacteria were grown
separately on XLD agar containing ampicillin (100 μg/ml) and Mac Conkey agar (Fluka
Analytical, Mexico) with nalidixic acid (50 μg/ml), respectively, for 24 h at 37°C, and one colony
from each plate was picked and resuspended in 500 μl of sterile distilled water. The cells were
lysed by heating at 95°C for 10 min, and cellular debris removed by centrifugation at 16,000 × g
for 2 min (Briñas et al., 2002). The blaTEM in the supernatant was amplified by PCR, as described
by Walsh et al., (2008) using a Bio-Rad C1000 touch thermocycler. The nucleotide sequences of
the primers and the cycling conditions of the primers are shown in Table 1. The resulting products
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were run on a 1% agarose gel stained with 0.2µg/ml ethidium bromide and visualized using a gel
documentation system (Bio-Rad, Hercules, CA).
2.6. Effect of phytochemicals on transfer genes involved in bacterial conjugation
The effect of phytochemicals on the transcription of S. Typhimurium and S. Heidelberg
transfer genes involved in conjugation was studied using real-time quantitative PCR (RT-qPCR).
The specific primers for the conjugation transfer genes were designed using the primer Basic Logic
Alignment Search Tool (BLAST) (Table 2). The 16S rRNA gene in Salmonella was used as the
endogenous control. Both Salmonella serotypes were grown in the presence of SIC of each
phytochemical in LB broth and cells were collected after 6 h of incubation at 37°C. The RNA was
extracted using Pure Link RNA mini kit (Thermo Fischer Scientific, Waltham, MA), subjected to
DNase I digestion using Turbo DNase I (Ambion, Waltham, MA) and quantified using a nanodrop
(Thermo Scientific, Waltham, MA). The RNA content was normalized in all treatments and cDNA
was synthesized using the Bio-Rad iScript cDNA synthesis kit (Bio-Rad, Hercules, CA) using BioRad C1000 touch thermocycler. RT-qPCR analysis of the genes critical for conjugation was
performed using published primers normalized against 16S rRNA gene expression. Twentymicroliter reactions were performed in triplicate using iTaq SYBR (Bio-Rad, Hercules, CA). The
relative fold change in gene expression was calculated using the 2 −ΔΔCt method (Livak and
Schmittgen., 2001).
2.7. Effect of phytochemicals on plasmid curing:
The plasmid curing (plasmid removal) from Salmonella donor strains was performed as
described previously (Shriram et al., 2008). In brief, donor Salmonella were grown overnight at
37oC in 10 ml of LB broth with and without the SIC of phytochemicals. Since ethidium bromide
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was shown to have plasmid curing properties, 100 g/ml of ethidium bromide was used as positive
control (Spengler et al., 2006). A volume of 0.5 ml of 10-fold serial dilutions of overnight cultures
were grown on TSA agar without antibiotics and incubated overnight at 37oC. The isolated
colonies were replicate-plated on TSA agar and TSA agar containing 100 g/ml of ampicillin
using Replica Plating Tool (Scienceware, Bel-Art Products) and incubated for 24 h at 37oC before
colony counting. The colonies that failed to grow on TSA agar containing antibiotics were
considered as putative plasmid-cured colonies.
2.8. Electron microscopy:
In order to visualize the effect of phytochemicals on Salmonella pilus formation, transmission
electron microscopic (TEM) analysis of treated cells was performed. Donor S. Heidelberg was
grown overnight at 37oC in LB broth with and without the phytochemicals. The cells were pelleted
after centrifugation at 3000 g for 15 min. The pellet was resuspended in fixative solution containing
1.5% glutaraldehyde, 3mM magnesium chloride, and 0.12M phosphate buffer for 1 h. Briefly, 3
l of the sample was absorbed to carbon-coated copper grid and washed with 100 l of 0.5% of
uranyl acetate. TEM images were taken using FEI TecnaiTM microscope (FEI, Hillsboro, OR).
2.9. Statistical analysis:
A completely randomized design was followed and tube containing LB broth is considered as
an experimental unit. Two samples were used for each treatment and control, and the experiments
were repeated six times. Duplicates plates were used as technical replicates for each dilution to
reduce the personnel error while plating. Transconjugant and recipient E. coli counts were used to
calculate the HGT frequencies separately for each experimental unit. All the data reported are
presented as mean ± standard error of means (SEM). The results were analyzed using one-way
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ANOVA and corrected for multiple comparisons using Dunnett’s multiple comparison test. Means
± SEM were considered significantly different at p ≤ 0.05. All statistical analyses were conducted
and the graphs were plotted utilizing Prism 8 (GraphPad Software Inc., San Diego, CA)
3. Results
The SICs of various phytochemicals against both Salmonella and E. coli were determined. SICs
of TC, CR, CA and BR were 0.15 mM, 0.07 mM, 0.49 mM and 0.32 mM, respectively for both
Salmonella and E. coli.
3.1. PCR Confirmation of conjugal transfer of blaTEM
Two different approaches were utilized to demonstrate the transfer of blaTEM gene from donor
Salmonella to recipient E. coli. Firstly, selective plating of transconjugants on Mac Conkey agar
containing ampicillin and nalidixic acid was used for the phenotypic confirmation of E. coli that
acquired ampicillin resistance from the donor Salmonella. Next, genotypic analysis of
transconjugant colonies by PCR was performed to confirm the presence of the blaTEM gene in
transconjugant E. coli. The donor Salmonella was confirmed by the presence of invA (284 bp) and
blaTEM (500 bp) genes, whereas the recipient E. coli was confirmed by the presence of uspA (884
bp) (Figure 1). As expected, the transconjugant colonies showed both blaTEM and uspA (Figure 1).
Collectively, these results verified the occurrence of conjugal transfer of blaTEM from Salmonella
to E. coli.
3.2. Phytochemicals reduced transconjugant population
The conjugation experiments were performed with equal populations of donor Salmonella and
recipient E. coli cultures in the presence and absence of various phytochemicals. The results
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revealed that the relative transfer frequency of blaTEM from both Salmonella serotypes to E. coli
was reduced compared to that in the control (Figure 2a & 2b) (p<0.0001). Carvacrol completely
inhibited the transfer, whereas the other three phytochemicals decreased the transfer frequency by
at least 80%. The DMSO solvent control did not have any effect on the transconjugation frequency
(result not shown). The initial pH of untreated LB broth was determined as 6.6, which was reduced
to 5.8 and 5.3 with the addition of SIC of caprylic acid and β-resorcylic acid, respectively.
However, no significant differences in transconjugant colonies were detected between the control
and pH controls (P<0.05) (data not shown).
3.3. Phytochemicals modulated conjugation genes
To delineate the effect of phytochemicals on the conjugative mechanism, real-time
quantitative PCR (RT-qPCR) analysis of genes critical for regulation of donor bacterial
conjugation was performed. The RT-qPCR analysis revealed that phytochemical treatments
altered the expression of core genes associated with conjugation in donor Salmonella as compared
to control. It was found that all phytochemicals except CA significantly down-regulated (1-2 fold)
a majority of the tra genes (traG, traH, traI, traJ, traM, traN and traR) and up-regulated (~2-4
fold) finO in Salmonella (Figure 3a, 1-4; Figure 3b, 1-4) (P<0.05). Further, all four plant molecules
significantly downregulated the transcription of traI, traJ and traR (P<0.05). These findings
indicate that the phytochemicals adversely affected the conjugative machinery of Salmonella.
3.4. Electron microscopy
Surface pilus phenotype of phytochemical-treated Salmonella was assessed using negativestain EM for observation of any reduction in the pilus production on the cell surface. As evident
in Figures 4a to 4e, there was a decreased presence of surface pili on Salmonella cells treated with
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the phytochemicals in comparison to control. These results corroborate with the RT-qPCR results
that demonstrated reduced expression of genes involved in the pilus biogenesis pathway.
3.5. Plasmid curing
No plasmid curing activity was observed when donor Salmonella was exposed to any of the
phytochemicals. This suggests that plasmid containing blaTEM is stable in S. Heidelberg and S.
Typhimurium and the mechanism of inhibition of conjugation brought by the phytochemicals was
not due to the loss of the plasmid bearing blaTEM.
4. Discussion
The emergence of resistant bacteria has been attributed to extensive use of antibiotics in human
and veterinary medicine as well as in agriculture and aquaculture (Cabello, 2006; Penders and
Stobberingh, 2008; Economou and Gousia, 2015). However, the significance of antibiotic usage
expands further since antibiotic residues, resistant bacteria, and genetic resistance elements
successively spread to adjacent environments (von Wintersdorff et al., 2016). The dissemination
of AR genes by HGT can potentially lead to the rapid selection of resistant bacteria in a wide
variety of environments, including soil, water, manure, and human and animal guts (Smalla et al.,
2000; Marti et al., 2013; Udikovic-Kolic et al., 2014; Fletcher, 2015). Research indicates that
despite restricting antibiotic use, AR persists due to the dissemination of resistance genes among
microbial communities (Bischoff et al., 2002). Thus, identification of compounds that inhibit HGT
among bacterial communities has received research attention in recent years.
Recently Kudo et al. (2019) reported the inhibitory effect of flavophospholipol, an
antimicrobial feed additive for poultry and piglets, on conjugal transfer of plasmid coding
extended-spectrum β-lactamase (ESBL) and vanA genes in E. coli and Enterococcus faecalis,
respectively. Similarly, the use of synthetic 2-alkynoic fatty acids (Getino et al., 2015), non-
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specific chelating agents like bisphosphonates (Nash et al., 2012), bile salts and bile acids (Ohad
and Rahav, 2019) were also identified as potential inhibitors of bacterial conjugation. Further,
carica papaya seed macerate was found to decrease the conjugal transfer of R plasmid from S.
Typhimurium to E. coli in vitro and in vivo (Leite et al., 2005). These studies collectively
underscore the possibility of reducing HGT spread of AR genes by specifically targeting bacterial
conjugative machinery. Therefore, this study investigated the efficacy of four Generally
Recognized as Safe (GRAS) phytochemicals in reducing HGT between multidrug resistant
Salmonella and non-pathogenic E. coli. Since E. coli represents the common commensal bacteria
present in both humans and animals (Tenaillon et al., 2010 and HGT is well characterized with
about 10-16% of the E. coli chromosome containing horizontally acquired genes (Ochman and
Jones., 2000), the bacterium was used as the recipient microorganism in this study.
In our study, all four tested phytochemicals effectively reduced conjugative transfer frequency
of blaTEM between Salmonella and E. coli (Figure 2a-b), as evident from the significantly decreased
transconjugant E. coli populations recovered on TSA plates containing ampicillin and nalidixic
acid. Since the phytochemicals were used at their SIC against both Salmonella and E. coli, the
attenuation of conjugation transfer observed was not due to bacterial growth inhibition, but could
be attributed to their potential effect on the plasmid bearing blaTEM or other conjugation
mechanisms. The results from the experiment determining the effect of phytochemicals on plasmid
curing indicated no loss of blaTEM encoding plasmid from Salmonella cells.
Conjugative pilus or F-pilus are required for the successful conjugal transfer among Gram
negative bacteria such as Salmonella and E. coli (Lawley et al., 2004). Synthesis of F-pilus is
mediated by a number of transfer genes (tra genes) that are critical for pilus tip formation (traL,
traE, traK, traC, traG), pilus extension (traB, traF, traH, traW, traV), and mating pair
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stabilization (traG, traN, traU). Once mating contacts are established, DNA transfer is mediated
by traY, traM, traD. Two other genes critical for conjugation are traI that mediates termination
of F transfer, and traR, a LuxR-type quorum-sensing transcription factor. A reduced expression in
any of these tra genes could inhibit the synthesis of F-pilus and suppress bacterial conjugation.
Besides the tra genes that positively regulate conjugation, conjugal transfer is repressed by the
fertility inhibition factor, finO (Firth et al., 1996). It has been documented that both tra genes and
finO genes play a critical role in mating pair formation and consequent DNA transfer (Firth et al.,
1996). Our RT-qPCR data revealed a significant downregulation in the majority of tra genes in
treated Salmonella compared to control (p<0.05) (Figure 3a,1-4; Figure 3b, 1-4). Moreover, there
was a significant increase in the transcription of the fertility inhibition factor finO, which decreases
conjugation. Thus, the aforementioned RT-qPCR results collectively suggest that the decreased
HGT of blaTEM from Salmonella to E. coli is mediated by their interference with pilus biogenesis.
These results were supported by electron microscopy findings which revealed reduced pilus
formation on phytochemical-treated Salmonella (Figure 4a-e).
Concurring with the aforementioned findings, a previous study showed an upregulated
expression in tra genes after exposure to fluroquinolones, which resulted in an increased transfer
of AR genes to the recipient cell (Shun-Mei et al., 2018). Similarly, free nitrous acid treatment
resulted in significant down regulation of genes responsible for DNA transfer and mating pair
formation in E. coli, which was represented by a significant reduction in conjugation efficiencies
(Huang et al., 2019). Likewise, gene expression studies conducted to determine the effect of
hormone norepinephrine on conjugation frequency showed an upregulation in the majority of tra
genes that coincided with an increased conjugation efficiency (Peterson et al., 2011).
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To conclude, this study indicated that TC, CR, CA and BR were effective in inhibiting the
HGT of blaTEM between Salmonella and E. coli by suppressing the bacterial pilus formation needed
for conjugation. Since animal gut is considered as a potential environmental niche for HGT (Carlet,
2012, Shterzer and Mizrahi, 2015), further investigation is warranted to ascertain the efficacy of
these phytochemicals for reducing AR spread in that environment using appropriate models.
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Table 1: PCR primers and thermocycler amplification conditions used for Colony PCR
Gene

Denaturation

Annealing

Extensions

No. of

Primers

cycles
blaTEM

94 °C, 2 min

54 °C, 1 min

72 °C, 30 s

30

Fwd 5’TTG GGT GCA
CGA GTG GGT TA‐3’
Rev 5’TAA TTG TTG
CCG GGA AGC TA3’

invA

94 °C, 1 min

53 °C, 2 min

72 °C, 3 min

35

Fwd5’GTGAAATTATC
GCCACGTTCGGGCA
A3’
Rev5’TCATCGCACCG
TCAAAGGAACC3’

uspA

94 °C, 2 min

70 °C, 1 min

72 °C, 1 min

30

Fwd5’CCGATACGCTG
CCAATCAGT3’
Fwd5’ACGCAGACCGT
AGGCCAGAT3’
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Table 2: List of primers used in real-time quantitative PCR
Primer

5’ to 3’ Sequence

16s F

CGTGTTGTGAAATGTTGGGTTAA

16s R

CCGCTGGCAACAAAGGATAA

finO F ST

TGACCATGGACGAATGGCTC

finO R ST

TGACCATCCAGGCCATAACG

finO F SH

ACCATGGACGAATGGCTCTG

finO R SH

AATGTCACCAGTCTGCGACC

traG F

CTGTCCATAACGACGGGTTC

traG R

TCGGATAAAAGCGGAATCAC

traH F

GGACGTGAAGGTTGACTGGT

traH R

GACTGGGAAGGTGATGCAAT

traI F

TTGTCTTCCTTCCTGCCATC

traI R

TGAACGCTTTGTCAGCAATC

traJ F

GCTTTACGACCACCGTCATT

traJ R

CCTGTCATCAGGGATTCGAT

traM F

AATATTCGCGCTCCACATTC

traM R

AACAGCGGGCAAATAATGTC

traN F

GGTGACAGTGGGCTGAAGAA

traN R

ACGGTTCACCACATCCCTTC

traR F

TCGACATTGCGAACCATATC

traR R

GCCGGAGCAAACTGACTAAG
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Figure 1. Colony PCR products from recipient E. coli, donor Salmonella and transconjugant
E. coli. Lane 1, 100 bp DNA ladder; Lanes 2 to 4, PCR amplicon from recipient E. coli; Lanes
5 to 7, amplicon from donor Salmonella; Lanes 8 to 10, amplicon from transconjugant.
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Fig 2a: Efficacy of trans-cinnamaldehyde (TC), Carvacrol (CR), Caprylic acid (CA) and βresorcylic acid (BR) in reducing HGT of blaTEM between Salmonella Typhimurium and E. coli in
LB broth. All treatments were compared with untreated controls and significant decrease (p
value<0.05) were indicated by *.
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Fig 2b: Efficacy of trans-cinnamaldehyde (TC), Carvacrol (CR), Caprylic acid (CA) and βresorcylic acid (BR) in reducing HGT of blaTEM between Salmonella Heidelberg and E. coli in LB
broth. All treatments were compared with untreated controls and significant decrease (p
value<0.05) were indicated by *.
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Fig 3a. Relative fold change in the expression level of S. Typhimurium conjugation genes in
response to SICs of trans-cinnamaldehyde (TC) (1), Carvacrol (CR) (2), Caprylic acid (CA) (3),
and β-resorcylic acid (BR) (4)
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Fig 3b. Relative fold change in the expression level of S. Heidelberg conjugation genes in
response to SICs of trans-cinnamaldehyde (TC) (1), Carvacrol (CR) (2), Caprylic acid (CA) (3),
and β-resorcylic acid (BR) (4)
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Fig 4: Negative staining TEM image of S. Heidelberg (a-e). Phytochemical treated Salmonella
showing reduced presence of surface pilus when compared to the control untreated Salmonella (be). Control (a), and S. Heidelberg treated with TC (b), CR (c), CA (d), and BR (e). Black arrow
(4a) shows the presence of pilus.
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Supplemental table
Table S1: Effect of trans-cinnamaldehyde (TC), Carvacrol (CR), Caprylic acid (CA) and βresorcylic acid (BR) on bacterial counts after 24 hours incubation with the donor Salmonella and
E. coli in LB broth (log10 cfu/ml)

Control
TC
CR
CA
BR
Control
TC
CR
CA
BR

E. coli
(recipient)
8.49 ± 0.029
8.43 ± 0.033
7.95 ± 0.014
8.17 ± 0.099
7.90 ± 0.102
8.52 ± 0.042
7.82 ± 0.230
7.78 ± 0.055
7.62 ± 0.176
7.72 ± 0.051

Salmonella
Heidelberg
(donor)
8.72 ± 0.025
8.65 ± 0.053
8.23 ± 0.045
8.18 ± 0.037
8.61 ± 0.067

Salmonella
Typhimurium
(donor)

8.67 + 0.069
8.05 ± 0.118
7.79 ± 0.066
7.99 ± 0.146
8.18 ± 0.070
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Transconjugant
E. coli
6.03 ± 0.037
5.26 ± 0.012
1.00 ± 0.000
4.52 ± 0.216
4.09 ± 0.010
4.86 ± 0.022
3.07 ± 0.321
2.38 ± 0.166
2.27 ± 0.334
2.04 ± 0.118

CHAPTER IV
Efficacy of phytochemicals for inhibiting horizontal gene transfer of blaTEM between MDR
Salmonella and E. coli in farm environment and chicken gut
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Abstract
The animal gut is considered as the major site of horizontal gene transfer (HGT) due to the
presence of dense and diverse nature of the microbial populations. HGT plays a major role in the
spread of antibiotic resistance genes (ARGs) among microbes in the animal gut resulting in the
dissemination of AR bacteria in the farm environment, especially manure and water. The
application of animal manure containing AR bacteria as a soil supplement could further
contaminate the food supply. The current study investigated the effectiveness of four
phytochemicals, namely trans-cinnamaldehyde (TC), carvacrol (CR), beta-resorcylic acid (BR),
and caprylic acid (CA) in reducing HGT of blaTEM between MDR Salmonella and E. coli in water
and manure. Further, the efficacy of phytochemicals for decreasing AR spread within the animal
gut environment was determined using Caenorhabditis elegans and chickens. Drinking water and
manure inoculated with multidrug resistant Salmonella (donor of blaTEM) and nonpathogenic E.
coli OP50 (recipient of blaTEM) were treated with sub-inhibitory concentrations of phytochemicals
to study HGT frequency of blaTEM between the donor and recipient bacteria. The results revealed
that all four phytochemicals significantly reduced the transfer frequency of blaTEM in manure and
water without significantly affecting the donor and the recipient bacterial populations. Further, CR
suppressed HGT in C. elegans (P<0.05), and in-feed supplementation of TC and CR in chickens
effectively reduced the transfer frequency in the ceca ex vivo (P < 0.05). Experiments to determine
the potential anti-HGT activity of TC and CR in chickens in vivo revealed that phytochemical
supplementation consistently reduced HGT frequencies in the cecum and the population of AR
cecal endogenous bacteria (P > 0.05). The findings in this study indicate that TC, CR, CA and BR
could be used to control AR dissemination in manure and water. Further, the results suggest the
possible beneficial effect of TC and CR in deceasing ARG dissemination in the chicken gut.
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1. Introduction
Antibiotic resistance (AR) presents a significant global hazard of increasing concern to
human, animal, and environment health (Aslam et al., 2018). Widespread antibiotic usage in
livestock production to reduce disease burden and enhance feed efficiency has contributed to the
emergence of bacterial antibiotic resistance (Landers et al., 2012; Rousham et al., 2018). Recently,
the United States National Antibiotic Resistance Monitoring System (NARMS) reported a
substantial increase in the prevalence of multidrug resistant Salmonella in chicken and chicken
cecal samples during the sampling period of 2015-2017 (NARMS, 2019). Salmonella serovars
commonly linked to human infections in the United States include Salmonella enterica serovars
Typhimurium, Enteritidis, Newport, and Heidelberg (CDC, 2008; FDA, 2010). Among all
Salmonella foodborne outbreaks, S. Heidelberg has been identified as the most frequent
Salmonella serovar causing human diseases linked to poultry-derived foods, accounting for almost
50% of these outbreaks (Zhao et al., 2006). Multidrug-resistant (MDR) S. Heidelberg isolates
resistant

to

multiple

antibiotics,

including

ceftriaxone,

streptomycin,

tetracycline,

sulfamethoxazole, chloramphenicol, and trimethoprim-sulfamethoxazole have been reported
(Hoffman, 2014, NARMS, 2010). The occurrence of multiple drug resistance in S. Heidelberg is
particularly alarming because of its high invasiveness and the ability to produce severe extraintestinal infections (Wilmshurst and Sutcliffe 1995), including septicemia (Demczuk et el, 2000)
and myocarditis in humans (Burt et al., 1990). Moreover, the AR profile of S. Heidelberg isolated
from poultry products indicates that live birds act as a significant reservoir of various multidrug
resistant Salmonella serotypes (CDC, 2012).
Drug-resistant bacteria share their genetic information critical for counteracting antibiotics
with native microbes via horizontal gene transfer (HGT), where bacterial conjugation constitutes
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the major mechanism for AR gene dissemination (Salyers et al., 1997; Aubry-Damon et al., 2004;
von Wintersdorff et al., 2016). The natural selection of AR bacteria following exposure to
antibiotics and subsequent genetic transfer of AR genes to commensals highlight mechanisms by
which AR is significant among bacterial populations in any environment (Burroughs et al., 2003;
Davies and Davies, 2010). E. coli are the most commonly present commensal bacteria in humans
and animals that are widely used in bacterial evolution studies (Blount, 2015). Moreover,
horizontal gene transfer in E. coli is well characterized (Ochman and Jones., 2000). The livestock
gastrointestinal tract harbors various AR bacteria and AR genes and is where a significant
proportion of bacterial gene transfer occurs (Smalla et al., 2000). This results in the dissemination
and propagation of AR bacteria and AR genes through animal excreta to the environment.
Antibiotic resistant bacteria and their genes have been frequently reported in manure, sewage,
treated drinking water, river water, soil, and in the air surrounding a farm environment (Graham
et al., 2010; Huang et al., 2012).
Antibiotic usage in food animals has been associated with increased risk of propagating
and disseminating AR strains of bacteria in the farm environment (He et al., 2020). Among the
various environments, soil is a potential source of AR bacteria and AR genes, which may be
acquired by native soil populations through interaction with human and/or animal-associated
microbial species (Martinez, 2008; Fletcher, 2015). Antibiotic resistance genes can also enter
through amendment of soil with manure from antibiotic-treated animals which are considered a
reservoir of such genes (Marti et al., 2013; Udikovic-Kolic et al., 2014; Fletcher, 2015). Animal
manure thus represents an important source of AR bacteria, AR genes and pathogens. Several
studies have reported the adverse impact of soil fertilization with pig, chicken or bovine manures
on the soil resistome and transfer frequency onto vegetables (Heuer and Smalla, 2007; Jechalke et
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al., 2013; Marti et al., 2013; Wichmann et al., 2014; Udikovic-Kolic et al., 2014). Therefore, there
is an increasing concern regarding the use of manure as a nutrient amendment due to its potential
for contributing resistance genes to resident soil bacteria, and crop and human pathogens. It has
been documented that AR bacteria are abundant in manure from animals with no history of
antibiotic treatment, indicating the natural presence of bacteria intrinsically resistant to antibiotics
in animal gastrointestinal tract (D’Costa et al., 2011; Wichmann et al., 2014). It is documented that
despite the discontinuation of in-feed antibiotics, AR persists in the environment due to the
dissemination of resistance genes among microbial communities (Bischoff et al., 2002).
Furthermore, the phylogenetic closeness of AR bacteria in environmental niches to human
pathogens plausibly favors the genetic exchange of AR genes (ARGs) amongst human and
environmental isolates (Heuer et al., 2011). Therefore, to reduce the prevalence and spread of AR
in food animal production, alternative strategies in addition to prudent antibiotic usage need to be
implemented.
In light of emerging AR, phytochemicals have received thorough scrutiny as an alternative
feed additive to replace antibiotic growth promoters (Valenzuela-Grijalva et al., 2017). Previous
research has indicated the efficacy of a variety of phytochemicals for inhibiting both Gram
negative and Gram positive bacteria (Burt 2004; Upadhyay et al., 2014) including AR bacteria
(Galluci et al., 2006; Chursi et al., 2009; Johny et al., 2010). Moreover, phytochemicals have been
reported to reduce pathogen load in manure, poultry drinking water and soil (Burt 2004; Fancher,
2015; Wells et al., 2015). However, studies investigating the anti-HGT activity of phytochemicals
in the animal gut and farm environment sites are limited. C. elegans is considered as a powerful
model organism due to its genetic, physiological and functional similarities with humans (White,
1988). Moreover, C. elegans considered as a relevant candidate for studying microbe-microbe and
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microbe-host interactions (Poupet et al., 2020). Additionally, the antimicrobial pathways in C.
elegans are found to be similar to mammals (Zhou et al.,2018). Therefore, the objective of this
research was to investigate the efficacy of four phytochemicals, namely trans-cinnamaldehyde
(TC), carvacrol (CR), caprylic acid (CA) and β-recorcylic acid (BR) for reducing HGT of the βlactamase gene (blaTEM) from MDR S. Typhimurium and S. Heidelberg to commensal E. coli in
manure and water. In addition, the efficacy of select phytochemicals to inhibit HGT of the βlactamase gene (blaTEM) from S. Heidelberg to E. coli in the invertebrate model, Caenorhabditis
elegans and chicken was determined.
2. Materials and Methods
2.1. Bacterial strains, and culture conditions
Salmonella Typhimurium DT104 strain (resistant to ampicillin, chloramphenicol,
streptomycin, sulfonamides, and tetracycline - R-type ACSSuT), multidrug resistant S. Heidelberg
V6FA (resistant to ampicillin, streptomycin, tetracycline, sulfamethoxazole, chloramphenicol, and
trimethoprim-sulfamethoxazole) were used as donor strains, and antibiotic-susceptible, nonpathogenic E. coli OP50 were used as the recipient strain in the conjugation experiments. The
bacteria were cultured in Luria-Bertani broth (LB) at 37oC for 24 h. Both Salmonella serotypes
were streaked on Xylose Lysine Deoxycholate (XLD, Difco BBL) agar plates containing 100
µg/ml of ampicillin (Sigma-Aldrich, St. Louis, MO) to confirm their resistance towards ampicillin.
Additionally, Salmonella cultures were streaked on XLD plates containing nalidixic acid to
confirm their susceptibility to nalidixic acid (Sigma-Aldrich, St. Louis, MO).
2.2 Preparation of nalidixic acid and streptomycin resistant E. coli
Prior to animal inoculation with bacterial cultures, cecal swabs were taken from day-old
chicks to determine inherent cecal bacteria bearing resistance towards ampicillin, nalidixic acid,
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streptomycin and nalidixic acid-streptomycin, ampicillin-streptomycin, ampicillin-nalidixic acidstreptomycin combination. Results from the swabbing revealed the presence of multidrug resistant
bacteria that were resistant to ampicillin (100 µg/ml), nalidixic acid (50 µg/ml), streptomycin (10
µg/ml), and ampicillin (100 µg/ml) - nalidixic acid (50 µg/ml) combinations. However, no colonies
were present in any of the streptomycin combination plates. Hence to increase the sensitivity of
detection of the inoculated bacteria, recipient E. coli were made resistant to nalidixic acid (50
µg/ml) and streptomycin (10 µg/ml).
For selective plating of recipient E. coli in the conjugation experiments, E. coli OP50 was
rendered resistant to 50 µg/ml of nalidixic acid and 10 µg/ml of streptomycin, as described by
Blackburn and Davies (1994). Freshly grown E. coli OP50 was inoculated into LB broth
containing 5 µg/ml nalidixic acid and 5 µg/ml of streptomycin and incubated at 37°C for 24 h.
After incubation, the culture was streaked on LB agar containing 5µg/ml nalidixic acid and 5 µg/ml
of streptomycin and similarly incubated. The colonies from the resulting incubation were
subsequently inoculated into LB broth containing double the concentration of nalidixic acid and
streptomycin (10 µg/ml). Bacterial cultures were subcultured as previously outlined with
increments of nalidixic acid until bacterial growth in 50 µg/ml of nalidixic acid was established.
E. coli counts were determined by plating 100 µl of ten-fold serial dilutions of the culture on
Tryptic Soy Agar (TSA) agar and Sorbitol Mac Conkey agar (SMA) plates (Sigma Aldrich, St.
Louis, MO) containing 50 µg/ml of nalidixic acid and 10 µg/ml of streptomycin, followed by
incubation at 37oC for 24 hours.
2.3. Determination of sub-inhibitory concentration of phytochemicals in manure and water
All phytochemicals with ≥ 98% purity were purchased from Sigma Aldrich, (St.Louis,
MO), and dissolved in dimethyl sulphoxide (DMSO, Sigma Aldrich) to obtain 10% stock
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solutions. The sub-inhibitory concentration (SIC) of TC, CR, CA, and BR against donor
Salmonella and recipient E. coli were each determined in manure, and water, by agar plating
method as previously described (Johny et al., 2010). Tubes containing 2.5g of autoclaved manure
(in 10 ml maximum recovery diluent, MRD;Oxoid, Cheshire, England) containing 1 to 150 l of
each phytochemical in increments of 5 l were inoculated separately with Salmonella or E. coli at
~ 106 log10 CFU/ml, and incubated at 37oC for 24 h. Tubes without added phytochemical were
included as controls in addition to DMSO (solvent) and pH controls. After incubation, the samples
were serially diluted (1:10) in PBS, plated on TSA, and incubated at 37oC for 24 h before counting
the colonies. The highest concentration of each phytochemical that did not inhibit bacterial growth
after 24 h of incubation was selected as the SIC. The experiment was done in duplicates and
repeated three times. Similarly, experiments were done in water (10 ml) containing 1 to 20 l of
each phytochemical in increments of 0.5 l and inoculated separately with Salmonella or E. coli
at ~ 106 log10 CFU/ml, and incubated at 37oC for 24 h. The SIC concentrations of phytochemicals
in manure samples were determined as previously mentioned.
2.4. Manure sample preparation for conjugation experiments
Fresh bovine and chicken manure were collected from the University of Connecticut’s Kellogg
Dairy Center, and Poultry Farm, respectively. Manure samples were collected immediately after
being deposited onto the concrete floor or litter material, transferred to the laboratory in whirlpack bags, and autoclaved at 121°C for 15 min to eliminate background fecal microbiota. Since S.
Typhimurium DT104 and S. Heidelberg are more commonly associated with cattle and chicken,
respectively, the conjugation experiments with S. Typhymurium DT104 were performed in bovine
manure, whereas those with S. Heidelberg were conducted in chicken manure. S. Typhimurium
DT104/S, Heidelberg (donor) and E. coli (recipient) were separately incubated in 30-ml volumes
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of LB broth at 37°C for 18 h to form stationary-phase cultures containing approximately 108 log10
CFU/ml. A 1-ml aliquot from each stationary-phase culture was serially diluted twice (1:10) in 9
ml of LB broth to form the inoculum containing approximately 106 log10 CFU/ml culture. To 8 ml
of MRD, 2.5g of the respective manure samples were mixed uniformly. The donor and recipient
cell suspensions were added in 1:1 ratio (105 log10 :105 log10) to the MRD-manure suspension and
incubated for 24 h at room temperature (25°C) with or without the SIC of each phytochemical.
The donor and recipient strains were also grown individually for 24 h with or without the aforesaid
phytochemicals. The transconjugants were recovered after serial dilution and plating on TSA
containing 100 µg/ml of ampicillin and 50 µg/ml of nalidixic acid by incubating at 37°C for 24 h.
The donor Salmonella were recovered on TSA-ampicillin (100 µg/ml) plates, and the recipients
were enumerated on TSA-nalidixic acid (50 µg/ml). Two samples were used for each treatment
and control, and the experiments were repeated six times. Duplicate plates were used for each
dilution to reduce the personnel error while plating. The HGT frequency were determined as
follows (Hirt et al., 2005).
A0 (HGT frequency of Control group) =
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑟𝑎𝑛𝑠𝑐𝑜𝑛𝑗𝑢𝑔𝑎𝑛𝑡𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑔𝑟𝑜𝑢𝑝
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐸.𝑐𝑜𝑙𝑖 𝑟𝑒𝑐𝑖𝑝𝑖𝑒𝑛𝑡𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑔𝑟𝑜𝑢𝑝

A1 (HGT frequency of Treatment group)
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑟𝑎𝑛𝑠𝑐𝑜𝑛𝑗𝑢𝑔𝑎𝑛𝑡𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 𝑔𝑟𝑜𝑢𝑝

= 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐸.𝑐𝑜𝑙𝑖 𝑟𝑒𝑐𝑖𝑝𝑖𝑒𝑛𝑡𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 𝑔𝑟𝑜𝑢𝑝
𝐴1

Relative HGT frequency =𝐴0 × 100
2.5. Conjugation experiments in water
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Spring water samples were collected in sterile tubes from a local natural spring. The water
samples were streaked on TSA and XLD plates to determine the initial bacterial count and rule out
Salmonella, if any. Overnight cultures of both Salmonella and E. coli OP50 were serially diluted
to form inoculum containing approximately 107 log10 CFU/ml culture. The conjugation
experiments in water were conducted in 9.8ml of spring water by mixing 100 μL each of the donor
and recipient bacterial suspensions (1:1 ratio, 105 log10 :105 log10) with or without the SIC of the
phytochemicals. Suspensions were incubated for 24 h at room temperature (25°C) and the
conjugation frequencies determined as described previously. Two samples were used for each
treatment and control, and the experiments were repeated six times. Duplicates plates were used
as technical replicates for each dilution to reduce the personnel error while plating.
2.6. C. elegans and growth conditions

Young wild-type C. elegans (N2 Bristol) (Caenorhabditis Genetics Center, MN) were
kindly provided by Dr. Elaine Choung-Hee Lee (University of Connecticut, Storrs) and maintained
on Nematode Growth Medium agar (NGM) (RPI, Mt. Prospect, IL) plates seeded with E. coli
OP50 and incubated at 20oC as described previously (Barrière and Félix, 2006). Worms were
synchronized by hypochlorite bleaching to L1 after hatch. Briefly, 10 ml of 51mM NaCl buffer
[NaCl 2.98g, water 1000ml, CaCl2 -1ml (1M stock), MgSO4 -1ml (1M stock), KH2PO4 -25ml (1M
stock)] was added to 100 mm plates containing adult gravid worms. The worms were transferred
to 15ml Falcon tubes, followed by centrifugation at 2000 rpm (751 x g) for 1 minute. The
supernatant was removed, and the wash step with 51mM NaCl buffer was repeated twice.
Subsequently, 5 ml bleach solution (Bleach-1ml, 0.25ml 10 N NaOH, water-3.75ml) was added to
the tubes followed by vigorous shaking for 5 minutes. Immediately, 5 ml of 51mM NaCl buffer
was added to the tubes and mixed by inversion. The tubes were centrifuged for 3 min at 1200 rpm
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(270 x g). The eggs were washed twice with 51mM NaCl buffer by centrifugation at 1200 rpm
(270 x g) for 3 min. This was followed by washing in distilled water and centrifuging at 3000 rpm
(1690 x g) for 3 minutes. The resulting pellet containing worm eggs were transferred to fresh NGM
plates without E. coli OP50.

2.7. Determination of TC and CR doses in C. elegans model
Freshly grown overnight cultures of E. coli OP50 were used for the study. Bacterial lawns
used for C. elegans infection assays were prepared by spreading 500 μl of the overnight culture of
108 log10 CFU/ml of E. coli OP50 along with 1 to 100 l of each phytochemical in increments of
10 l on NGM agar plates. The plates were incubated at 37°C for 12 h and subsequently seeded
with synchronized young adult nematodes (Stiernagle, 2006). The worms were then incubated at
25°C overnight for toxicity analysis. The worms were considered dead if they did not move or
exhibit muscle tone. The highest nontoxic concentration of TC and CR that did not inhibit the
growth of Salmonella and E. coli were used for in vivo conjugation assay in C. elegans (Aballay
et al., 2000).
2.8. In vivo conjugation assay in C. elegans
The conjugation experiments were done in C. elegans, as previously described with slight
modifications (Portal-Celhay et al., 2013). C. elegans L2 stage worms were grown on plates
containing 108 log10 CFU/ml of donor S. Heidelberg with and without the phytochemicals for 4
days at 25oC. On day four, 100 worms were washed and transferred onto plates containing 108
log10 CFU/ml of the recipient E. coli OP50 with and without the phytochemicals. After 72 hours
of incubation at 25oC, 50 worms were washed and homogenized by grinding, and plated on
selective agars to quantify the donor, recipient, and transconjugant bacterial populations, as
mentioned previously in manure experiments. The conjugation frequency was calculated by
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dividing the number of transconjugants per worm by the number of recipient bacteria per worm.
Two samples were used for each treatment and control, and the experiments were repeated thrice.
2.9. Experimental birds
The chicken study was conducted with the approval of the Institutional Animal Care and
Use Committee (IACUC, A18-036) at the University of Connecticut. Two hundred- fifty-twodayold, Salmonella-free, Cornish cross broiler birds were obtained from Myers Poultry Farm (South
Fork, PA), housed at the University of Connecticut’s Spring Hill Poultry Isolation facility and
provided ad libitum feed and water. Birds were kept at an initial temperature of 32.2o C for the first
week, and temperature was reduced to 26.6o C the following week until day 16, along with a 20hour light/4-hour dark cycle. The birds were provided with water and experimental diets ad libitum
for a period of 16 days (Illustration 1). The experimental diets consisted of a control diet, two diets
supplemented with TC (0.5% and 1% v/v), two diets supplemented with CR (0.125% and 0.5%
v/v) and a diet supplemented with a combination of TC and CR (0.25% v/v each). These two
phytochemicals were chosen due to their ability to reduce HGT in vitro and their proven
palatability in chickens (Kollanoor-Johny et al., 2012, Arsi et al., 2014). From the day of arrival
(Day1), the birds were randomly allocated to seven groups as shown in Table 2, and fed with the
experimental diet until day 16 (end point). On days 2, 4, and 6, cloacal swabs were taken from 6
birds/group to assess the resistance profile of resident background bacteria by plating on three agar
types: (a) XLD agar containing ampicillin (100 µg/ml) and streptomycin (10 µg/ml) (used for the
donor Salmonella identification);(b) Mac Conkey agar containing nalidixic acid (50 µg/ml) and
streptomycin (10 µg/ml) (used for identifying recipient E. coli), and, (c) Mac Conkey agar
containing nalidixic acid (50 µg/ml), streptomycin (10 µg/ml) and ampicillin (100 µg/ml) (used
for transconjugant identification). On days 3 through 6, and on day 15, an antibiotic cocktail
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comprised of streptomycin (0.012mg/ml), ciprofloxacin (0.012mg/ml), oxytetracycline
(0.032mg/ml), neomycin (0.008mg/ml), ampicillin (0.008mg/ml), and nalidixic acid (0.008mg/ml)
was provided to all birds in drinking water as an added selective pressure for HGT to occur (Licht
et al., 2003).
2.10. Ex vivo conjugation study in chickens
The efficacy of TC and CR for reducing HGT of β-lactamase gene (blaTEM) from S.
Heidelberg to E. coli in an ex vivo chicken model was determined as previously described (Saliu
et al., 2020). On days 7 and 16, five and eight birds, respectively, from each group were euthanized
by carbon dioxide asphyxiation and the paired ceca were separately collected from each bird. The
patent end of each cecum was carefully knotted using sterile suture material and placed in a petri
dish containing 10 ml of phosphate buffered saline (pH 7.2) until further processing. Lawn cultures
of donor S. Heidelberg and recipient E. coli OP 50 were grown on XLD (with ampicillin and
streptomycin) and Mac Conkey agar (with nalidixic acid and streptomycin), respectively for 24 h
at 41oC (normal chicken body temperature), and later harvested in 20 ml of PBS to obtain 108
log10 CFU/ml of donor and recipient bacteria. Each 100 µl donor S. Heidelberg and recipient E.
coli culture suspension (in PBS) was separately inoculated into the individual cecal loop using a
tuberculin syringe. The cecal samples were incubated for four hours at 41 oC.

Following

incubation, cecal samples were minced, homogenized in 25 ml of PBS, and plated on (a) selective
XLD agar containing ampicillin (100 µg/ml) - streptomycin (10 µg/ml) to obtain donor Salmonella
population, (b) Mac Conkey agar containing nalidixic acid (50 µg/ml) - streptomycin (10µg/ml)
to obtain the recipient E. coli population, and (c) Mac Conkey agar containing nalidixic acid
(50µg/ml) –streptomycin (10 µg/ml)–ampicillin (100 µg/ml) to obtain the transconjugant
population. As differences in the microbiome influence the colonization of donor and recipient
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bacteria, a bias arises when evaluating HGT frequency based on recipient bacteria alone. Thus, the
impact of both the donor and recipient bacterial colonization were considered. To correct for
variations in the colonization by donor and recipient bacterial populations in the chicken study,
the HGT frequency calculations were calculated as the ratio of number of transconjugants (CFU/g)
over the product of number of recipient cells (CFU/g) and donor cells (CFU/g).
2.11. In vivo conjugation study in chickens
Lawn cultures of donor S. Heidelberg and recipient E. coli OP 50 were grown on XLD
(with ampicillin and streptomycin) and Mac Conkey agar (with nalidixic acid and streptomycin),
respectively for 24 h at 41oC, and later harvested in 60 ml PBS to obtain 108 log10 CFU/ml of donor
and the recipient bacteria. On day 8, all birds were subjected to feed and water restriction for 30
minutes prior to oral inoculations. Except for the negative control group, all birds in the remaining
groups were orally gavaged with 200 µl each of S. Heidelberg (108 log10 CFU/ml) and E. coli (108
log10 CFU/ml), respectively. On days 10, 12, and 14 post phytochemical feeding, eight birds from
each group were euthanized by carbon dioxide asphyxiation. The cecal contents were collected in
9 ml of PBS, weighed and 10-fold serial dilutions prepared in sterile PBS. The donor, recipient,
and transconjugant colonies were recovered and enumerated after serial dilution and plating as
mentioned previously in the ex vivo study. In addition, cecal contents were plated on thioglycolate
agar containing ampicillin (16 µg/ml), thioglycolate agar containing streptomycin (16 µg/ml), and
thioglycolate agar containing oxytetracycline (8 µg/ml) for assessing the resistance profile of
resident cecal bacteria against these three antibiotics on day 12 post feeding of phytochemicals.
2.12. Statistical analysis
All data were expressed as mean ± standard error of means (SEM). The results were
analyzed using one-way ANOVA and corrected for multiple comparisons using Dunnett’s multiple
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comparison test. Means ± SEM were considered significantly different at p ≤ 0.05. All the
statistical analyses were performed using Prism 8 (GraphPad Software Inc., San Diego, CA).
3. Results
3.1. Phytochemicals reduced transconjugant population in animal manure
The SICs of various phytochemicals against Salmonella and E. coli were determined in
manure and water and are provided in Table 1. A high rate of ampicillin resistance (blaTEM) transfer
from Salmonella to E. coli was observed in the untreated manure samples. In untreated bovine
manure, the ampicillin resistance transfer occurred at a rate of approximately 10 6 log10 CFU/ml
out of 108 log10 CFU/ml in E. coli recipients recovered after 24 h of incubation at 25°C. In untreated
chicken manure and for the same time period, approximately 107 log10 CFU/ml of transconjugants
were recovered out of 108 log10 CFU/ml of E. coli recipients (p<0.0001). On the other hand, all
four phytochemicals effectively reduced the relative transfer frequency of blaTEM from both
Salmonella serotypes to E. coli when compared to that in the untreated control manure samples
(Figures 1a & 1b) (p<0.05). Carvacrol and beta resorcylic acid were most effective in reducing
the transfer frequency (97-100%) in both bovine and chicken manure, whereas CA and TC
decreased the transfer frequency by at least 70% in both manure types. In addition, the highest
concentration of DMSO solvent control did not exert any effect on the transconjugation frequency
(result not shown). Untreated bovine manure in MRD had an initial pH of 6.8, which was reduced
to 5.8 and 6.3 with the addition of SICs of CA and BR, respectively. However, no significant
differences in the transconjugant colonies were detected between the untreated control and pH
controls (p<0.05). Moreover, pH of the treatment groups was similar to the control after 24 h of
incubation.
3.2. Phytochemicals reduced transconjugant populations in spring water
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The effect of phytochemicals on HGT of β-lactamase gene (blaTEM) from Salmonella to E.
coli is shown in Figure 2. The ampicillin resistance transfer occurred at a rate of approximately
104 log10 CFU/ml out of 107 log10 CFU/ml of E. coli recipients recovered in untreated water after
24 h incubation at 25°C. All four phytochemicals decreased the transfer frequency of blaTEM from
both Salmonella serotypes to E. coli in water compared to that in the control (p<0.05). There was
a reduction of at least 60% in transfer frequency for both of the donor serotypes (Figure 2a and
2b).
3.3. Carvacrol reduced transconjugant populations in C. elegans
In C. elegans gut, the transfer frequency of blaTEM from S. Heidelberg to E. coli occurred
at a rate of approximately 103 log10 CFU/ml out of the inoculated 105 log10 CFU/ml of E. coli after
72 h incubation at 25°C. The highest nontoxic concentrations of TC and CR in C. elegans that did
not inhibit the growth of Salmonella and E. coli in the worm gut were 0.08% (0.06 mM), and
0.02% (0.013 mM), respectively. Carvacrol completely inhibited the transfer frequency of blaTEM
from donor Salmonella to E. coli when compared to that in the control (p<0.05) (Figure 3).
However, TC decreased the transfer frequency by only 20% (p>0.05) (Figure 3).
3.4. Efficacy of phytochemicals ex-vivo
The effect of phytochemicals on AR dissemination in chicken gut was assessed by
supplementing two different concentrations of TC (0.5% and 1% TC) and CR (0.125% and 0.5%
CR) and TC-CR combination (0.25% TC and 0.25% CR). On day 7, inoculation of 108 log10
CFU/ml of donor (S. Heidelberg) and recipient bacteria (E. coli) in cecal samples resulted in the
recovery of the donor Salmonella ranging from 104 to 106 log10CFU/g and recipient E. coli were
recovered at approximately 106 log10 CFU/g after 4 hours of incubation at 41oC. The bird groups
receiving feed supplemented with 1% TC, 0.125% CR and TC-CR combination treatments showed
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a reduction of greater than 95% in HGT frequency on day 7 when compared to untreated control
group (p<0.05) (Figure 4a). The blaTEM transfer frequency was reduced by 72.12% and 73.38% in
the 0.5% TC (p=0.1534) and 0.5% CR (p=0.1794) supplemented groups, respectively. On day 16
post feeding, inoculation of 108 log10 cfu/ml each of donor and recipient bacteria resulted in the
recovery of approximately 105 log10 cfu/g of Salmonella and 106 - 107 log10 log CFU/g of E. coli,
respectively. By day 16, the groups receiving feed supplemented with 0.5%TC, 0.125% and 0.5%
CR and the TC- CR combinations yielded a significant reduction (92.5% to 95%) in the blaTEM
transfer when compared to the untreated birds (Figure 4b) (p<0.05). However, a reduction of
73.8% in transfer frequency was observed in the 1% TC supplemented group (p=0.0863).
3.5. Efficacy of phytochemicals in vivo
Donor S. Heidelberg colonized the inoculated birds with populations ranging from 104 to
106 log10CFU/g whereas the colonization of recipient E. coli varied from 107 to 108 log10CFU/g.
Both Salmonella and E. coli colonization was maintained throughout the entire period of in vivo
experiment. There was no significant reduction in the conjugation frequency in any of the
phytochemical fed groups when compared to untreated controls (p<0.05). However, a consistent
trend of declining HGT frequency was observed in all phytochemical-fed groups on days 10, 12
and 14 of supplementation, as shown in Figure 5. The supplementation of 0.5% TC decreased the
conjugation frequency by approximately 20% on day 10 (Figure 5a) and greater than 95% on days
12 and 14 of feeding (Figure 5b, c) (p>0.05) compared to control. The feeding of 1% TC decreased
HGT to greater than 95% on days 10 and 12 and 48% on day 14 (p>0.05), while 0.125% and 0.5%
CR fed groups showed reductions ranging from 43% to greater than 95 % when compared to the
untreated control. The combination treatment of 0.25% TC and 0.25% CR reduced HGT frequency
approximately 70% to 97% (p>0.05).
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The effect of phytochemicals on the resistance profile for resident cecal bacteria against
ampicillin, streptomycin and tetracycline revealed no significant reduction in the resistance profile
against the three tested antibiotics by any of the treatment groups (Figure 6). However, a trend
indicating stable reduction in the population of cecal bacteria resistant to the three antibiotics,
especially streptomycin, was observed in all the treatment groups compared to untreated birds.
4. Discussion
Poultry are a major reservoir for Salmonella infections, and the threat posed by AR
Salmonella in poultry products is a serious concern (CDC, 2013). The current lack of a quantitative
monitoring system for antibiotic usage in broilers in the US highlights the need for strategic
measures to prevent AR in poultry production (Roth et al., 2019). Further, the rapid dissemination
of resistance genes among microbial communities in the animal gut and food production
environments warrants the identification of effective approaches to disrupt HGT of AR genes. This
study is aimed at investigating the efficacy of various phytochemicals for controlling AR transfer
in the farm environmental milieu and the chicken gut. Previous research from our laboratory
showed that phytochemicals TC, CR, CA and BR were effective in inhibiting HGT of blaTEM from
Salmonella to E. coli in Luria-Bertani broth by modulating the critical genes associated with the
bacterial conjugative machinery. In addition, electron microscopic studies indicated that the
phytochemical treatments significantly reduced Salmonella surface pilus formation necessary for
conjugation.
Horizontal gene transfer occurs among resident microbes, including pathogens and
commensals, resulting in the continuous propagation of antibiotic resistance in the host gut and
the production environment (Schjørring et al., 2011; Von Wintersdorff et al., 2016). E. coli are
commensal bacteria ubiquitously present both in humans and animals. Widespread occurrence of
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E. coli would make tracking its resistance profile easier and could be used as an indicator of the
emerging resistome in animal production (NARMS, 2015). From our in vitro and in vivo/ex vivo
investigations, the recipient, non-pathogenic E. coli OP50 actively acquired blaTEM from MDR
Salmonella in manure, water, and animal models, highlighting the significant role potentially
played by the commensal bacteria in AR harborage and subsequent dissemination in the animal
gut and farm environment.
Excretion of AR bacteria through animal manure causes the contamination of the farm
environment and adjoining environmental habitats. Currently, composting and anaerobic digestion
are the most widely used methods for the disposal of livestock manure. However, neither of these
methods is completely effective in removing ARGs (Jimenez et al., 2015; Qian et al., 2016).
Moreover, chlorination, a commonly employed water disinfectant effective in reducing AR
bacterial populations in potable water, was found incapable of eliminating ARGs in treated
wastewater (Yuan et al., 2015).
In the current study, all four phytochemicals, TC, CR, CA, and BR significantly reduced
HGT frequency of blaTEM from MDR Salmonella serotypes to E. coli OP50 in water and manure
(p<0.05). (Figure 1-2). A higher conjugation frequency of blaTEM was observed in manure than
water, which could be attributed to higher organic content present in manure (Varel et al., 2001).
Water harbors minimal nutrients for bacterial growth and a comparatively lesser SIC of
phytochemicals was sufficient to exert anti-HGT activity.
In order to reduce the discharge of AR bacteria and ARGs into the farm environment, it is
essential to control the dissemination of ARGs within the gastrointestinal tracts of livestock. To
further investigate the efficacy of TC and CR as feed additives in reducing HGT frequency in a
gut model, C. elegans and chickens were used as model hosts and treated with the two
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phytochemicals. Carvacrol effectively suppressed HGT in C. elegans, a published HGT model
(Portal-Celhay et al., 2013), and in-feed supplementation of TC and CR in chickens effectively
reduced the transfer frequency in the ceca ex vivo. Although a persistent decrease in the transfer
frequency of blaTEM was observed in chickens fed with TC and CR for 15 days, the reductions in
HGT frequency compared with that in untreated control birds were not significant (p>0.05). This
could possibly be attributed to the greater variations in the HGT observed in the chickens compared
to in vitro (manure and water) and ex vivo models. Factors that potentially influence in vivo HGT
efficiency in the intestine include SOS (bacterial DNA damage stress response)-inducing agents,
stress hormones, microbiota and microbiota-derived attributes (Zeng and Lin, 2017). Further, the
presence of probiotics, food ingredients and the diet itself can influence the dynamics in the
gastrointestinal microbiome, including the resistome, thereby potentially impacting HGT
(Aminov, 2011; Lerner et al., 2017). Moreover, since commensal bacteria can act as either donor
or recipient (Schjørring et al., 2011), the possibility of AR transfer from recipient E. coli to other
inherent cecal microbes (Agyare et al., 2018) could have contributed to the variations in the
transconjugant populations observed in the study.
Besides the efficacy of TC and CR in reducing HGT transfer frequency, the effect of
phytochemicals on the total cecal endogenous bacterial population displaying resistance to
ampicillin, streptomycin, and tetracycline was determined by selectively plating cecal contents on
thioglycolate agar containing the respective antibiotics. The results revealed that although not
significant (P > 0.05), both phytochemicals consistently decreased cecal bacteria resistant to the
three antibiotics, particularly streptomycin, in comparison to control birds. These findings suggest
the possible beneficial effect TC and CR in decreasing the cecal resistome and AR dissemination.
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Overall, the current study indicates that TC, CR, CA and BR can reduce HGT-mediated
AR spread in farm environment models (manure and water) and provides evidence for the possible
use of TC and CR as feed ingredient for mitigating ARG dissemination in the chicken gut.
However, follow up experiments utilizing large chicken numbers and metagenomic-based
resistome analysis of cecal bacteria are necessary for confirming their efficacy before testing under
field conditions.
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Table 1: Experimentally determined sub-inhibitory concentrations (SIC) of trans-cinnamaldehyde
(TC), Carvacrol (CR), Caprylic acid (CA) and β-resorcylic acid (BR) against Salmonella
Heidelberg (chicken manure) or Salmonella Typhimurium (cattle manure) and E. coli in manure
and water.
Phytochemicals

Chicken manure

Bovine manure

Water

trans-cinnamaldehyde

0.02% (0.150 mM) 0.015% (0.113 mM)

0.015% (0.0113 mM)

0.05% (0.332 mM) 0.035% (0.232 mM)

0.0125% (0.008 mM)

0.15% (1.04 mM)

0.01% (0.0069 mM)

(TC)
Carvacrol
(CR)
Caprylic acid

0.145% (1.0 mM)

(CA)
β-resorcylic acid

0.15% (0.973 mM) 0.122% (0.791 mM)

(BR)

117

0.0075% (0.0048 mM)

Table 2. Treatments groups in chickens. All the birds were fed with the experimental diet starting
from day 1 until day 16 (end timepoint). On day 8, except for the negative control groups, all the
birds in the remaining groups were orally inoculated with donor and recipient bacteria.

Bird groups

Treatment

Negative control

Birds fed with control diet, Non-inoculated

Positive control

Birds fed with control diet, Inoculated with SH (donor) and E. coli
(recipient)

Treatment 1

Birds fed 0.5%TC, Inoculated with SH (donor) and E. coli (recipient)

Treatment 2

Birds fed 1%TC, Inoculated with SH (donor) and E. coli (recipient)

Treatment 3

Birds fed 0.125% CR, Inoculated with SH (donor) and E. coli (recipient)

Treatment 4

Birds fed 0.5% CR, Inoculated with SH (donor) and E. coli (recipient)

Treatment 5

Birds fed 0.25%TC and 0.25% CR, Inoculated with SH (donor) and E. coli
(recipient)

SH - Salmonella Heidelberg, TC- trans-cinnamaldehyde, CR - Carvacrol, CA - Caprylic acid, BRβ-resorcylic acid
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Fig 1a: Efficacy of trans-cinnamaldehyde (TC), Carvacrol (CR), Caprylic acid (CA) and βresorcylic acid (BR) in reducing HGT of blaTEM between Salmonella Typhimurium and E.
coli in bovine manure. All treatments were compared with untreated controls and significant
differences (p value<0.05) were indicated by *.
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Fig 1b: Efficacy of trans-cinnamaldehyde (TC), Carvacrol (CR), Caprylic acid (CA) and βresorcylic acid (BR) in reducing HGT of blaTEM between Salmonella Heidelberg and E. coli
in chicken manure. All treatments were compared with untreated controls and significant
differences (p value<0.05) were indicated by *.
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Fig 2a: Efficacy of trans-cinnamaldehyde (TC), Carvacrol (CR), Caprylic acid (CA) and βresorcylic acid (BR) in reducing HGT of blaTEM between Salmonella Typhimurium and E.
coli in water. All treatments were compared with untreated controls and significant differences
(p value<0.05) are indicated by *.
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Fig 2b: Efficacy of trans-cinnamaldehyde (TC), Carvacrol (CR), Caprylic acid (CA) and βresorcylic acid (BR) in reducing HGT of blaTEM between Salmonella Heidelberg and E. coli in
water. All treatments were compared with untreated controls and significant differences (p
value<0.05) are indicated by *.
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Fig 3: Efficacy of trans-cinnamaldehyde (TC), Carvacrol (CR), Caprylic acid (CA) and βresorcylic acid (BR) in reducing HGT of blaTEM between Salmonella Heidelberg and E. coli
in C. elegans. All treatments were compared with untreated controls and significant

120
100

Control

79.5%

140

100%

TC
CR

80
60
40

*

20
0

0%

Relative HGT frequency

differences (p value<0.05) are indicated by *.

l
ro
t
n
Co

TC

CR

123

Illustration 1: Chicken horizontal gene transfer model
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Fig 4a: Efficacy of TC, CR, and TC-CR combination in reducing HGT of blaTEM between
Salmonella Heidelberg and E. coli in chicken ex vivo day 7. All treatments were compared
with untreated controls and significant differences (p value<0.05) are indicated by *.

4a)

0

*

1.1%

*

1.7%

*

4.1%

50

28%

100

26.75%

150

100%

Relative HGT frequency

200

l
o
r
TC TC CR CR TC
t
n 5 % 1% %
o
5 0.5% .25%
C 0.
2
0
0.1
+
CR
%
5
2
0.

125

Fig 4b: Efficacy of TC, CR, and TC-CR combination in reducing HGT of blaTEM between
Salmonella Heidelberg and E. coli in chicken ex vivo day 16. All treatments were compared
with untreated controls and significant differences (p value<0.05) are indicated by *.
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Fig 5: Efficacy of TC, CR, and TC-CR combination in reducing HGT of blaTEM between
Salmonella Heidelberg and E. coli in chicken in vivo. All treatments were compared with untreated
controls and significant differences (p value<0.05) are indicated by *. 5a) day10 5b) day 12, 5c)
day14
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1%TC
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Fig 6: Effect of TC, CR, and TC-CR combinations on the prevalence of ampicillin, streptomycin
and tetracycline resistant bacteria in the cecal contents. All treatments were compared to untreated
controls and significant differences (p value<0.05) are indicated by an *.
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Supplemental tables
Table S1: Effect of trans-cinnamaldehyde (TC), Carvacrol (CR), Caprylic acid (CA) and βresorcylic acid (BR) on bacterial counts after 24 hours incubation in bovine and chicken manure
with the donor Salmonella Heidelberg or S. Typhimurium and recipient E. coli (log10 cfu/ml)

Control
TC
CR
CA
BR
Control
TC
CR
CA
BR

E. coli
8.73 ± 0.060
8.42 ± 0.029
7.96 ± 0.157
8.33 ± 0.031
7.95 ± 0.151
8.31 ± 0.059
7.73 ± 0.251
7.74 ± 0.151
7.80 ± 0.175
7.78 ± 0.176

Salmonella
Heidelberg
8.80 ± 0.035
8.55 ± 0.024
8.17 ± 0.054
8.40 ± 0.043
8.00 ± 0.085

Salmonella
Typhimurium

8.38 ± 0.079
8.01 ± 0.152
7.94 ± 0.131
7.92 ± 0.085
8.03 ± 0.063

Transconjugant
6.99 ± 0.051
5.87 ± 0.078
3.73 ± 0.166
5.69 ± 0.096
4.33 ± 0.253
5.75 ± 0.256
4.68 ± 0.306
3.58 ± 0.225
4.04 ± 0.262
3.49 ± 0.140

Table S2: Effect of trans-cinnamaldehyde (TC), Carvacrol (CR), Caprylic acid (CA) and βresorcylic acid (BR) on bacterial counts after 24 hours incubation in water with the donor
Salmonella Heidelberg or S. Typhimurium and recipient E. coli (log10 cfu/ml)

Control
TC
CR
CA
BR
Control
TC
CR
CA
BR

E. coli
7.78 ± 0.152
8.01 ± 0.029
7.75 ± 0.089
7.82 ± 0.066
7.88 ± 0.054
7.45 ± 0.074
7.59 ± 0.146
7.14 ± 0.039
7.01 ± 0.103
7.02 ± 0.162

Salmonella
Heidelberg
8.05 ± 0.166
8.17 ± 0.039
8.03 ± 0.058
8.02 ± 0.063
8.01 ± 0.166

Salmonella
Typhimurium

7.67 ± 0.023
7.00 ± 0.261
7.35 ± 0.016
7.47 ± 0.041
6.97 ± 0.078
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Transconjugant
4.17 ± 0.168
3.70 ± 0.198
3.32 ± 0.188
3.23 ± 0.198
3.59 ± 0.174
4.08 ± 0.164
3.64 ± 0.179
2.82 ± 0.056
2.81 ± 0.040
2.33 ± 0.150

Table S3: Effect of trans-cinnamaldehyde (TC), and Carvacrol (CR) on bacterial counts in C.
elegans with the donor Salmonella Heidelberg, and recipient E. coli (log10 cfu/ml)

Control
TC
CR

E. coli
5.43 ± 0.073
5.47 ± 0.029
5.70 ± 0.068

Salmonella
Heidelberg
4.23 ± 0.097
3.85 ± 0.285
4.28 ± 0.013

Transconjugant
3.90 ± 0.001
3.85 ± 0.086
0.00 ± 0.000

Table S4: Effect of in-feed phytochemical supplementation on bacterial counts in cecal content
after 4 hours incubation with the donor Salmonella Heidelberg, and recipient E. coli (log10 cfu/g)
on day 7 and day 16 ex vivo.
Salmonella
Day7
E. coli
Heidelberg
Transconjugant
Control
6.02 ± 0.356
4.94 ± 0.367
5.35 ± 0.259
T1
6.13 ± 0.421
5.47 ± 0.167
4.31 ± 0.780
T2
6.40 ± 0.120
6.01 ± 0.242
3.37 ± 0.887
T3
6.56 ± 0.152
6.34 ± 0.206
4.14 ± 0.836
T4
6.52 ± 0.144
4.63 ± 0.721
3.58 ± 0.960
T5
6.69 ± 0.123
5.19 ± 0.411
3.05 ± 1.027
Day 16
Control
6.57 ± 0.214
5.72 ± 0.139
7.01 ± 0.115
T1
6.88 ± 0.089
5.61 ± 0.099
6.53 ± 0.185
T2
7.00 ± 0.082
5.00 ± 0.194
6.65 ± 0.189
T3
7.01 ± 0.112
5.41 ± 0.098
6.55 ± 0.167
T4
7.21 ± 0.073
5.70 ± 0.092
7.14 ± 0.039
T5
7.10 ± 0.074
5.64 ± 0.182
7.00 ± 0.086
T1 - 0.5% TC fed group, T2 - 1% TC fed group, T3 - 0.125% CR fed group, T4 - 0.5% CR fed
group, T5 - 0.25% TC and 0.25% CR fed group.
Table S5: Effect of in-feed phytochemical supplementation on bacterial counts in chicken gut in
vivo after 10, 12, and 14 days on the donor Salmonella Heidelberg, and recipient E. coli (log10
cfu/g)

Day 10

E. coli

Salmonella
Heidelberg

Transconjugant
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Control
7.28 ± 0.146
T1
8.56 ± 0.637
T2
8.51 ± 0.194
T3
7.92 ± 0.557
T4
8.02 ± 0.118
T5
8.15 ± 0.254
Day 12
Control
7.86 ± 0.176
T1
7.88 ± 0.408
T2
7.49 ± 0.398
T3
8.11 ± 0.352
T4
7.68 ± 0.259
T5
7.43 ± 0.135
Day 14
Control
7.96 ± 0.118
T1
7.99 ± 0.187
T2
7.12 ± 0.338
T3
7.90 ± 0.155
T4
7.94 ± 0.116
T5
7.96 ± 0.183
T1 - 0.5% TC fed group, T2 -

4.77 ± 0.403
4.32 ± 0.466
6.59 ± 0.306
6.40 ± 0.553
5.52 ± 0.779
5.48 ± 0.496

7.29 ± 0.126
7.53 ± 0.654
8.41 ± 0.063
7.57 ± 0.220
7.82 ± 0.183
7.61 ± 0.257

4.80 ± 0.742
6.36 + 0.637
5.68 ± 0.595
5.33 ± 0.570
6.31 ± 0.812
5.35 ± 0.504

7.95 ± 0.243
7.18 ± 0.372
7.39 + 0.419
8.03 ± 0.195
7.67 ± 0.202
7.43 ± 0.133

5.16 ± 0.536
5.55 ± 0.196
4.61 ± 0.610
5.19 ± 0.376
4.93 + 0.234
5.66 ± 0.838
1% TC fed group,

8.03 ± 0.122
7.13 ± 0.411
7.52 ± 0.195
7.86 ± 0.133
8.29 ± 0.228
8.01 ± 0.156
T3 - 0.125% CR fed group, T4 - 0.5% CR fed

group, T5 - 0.25% TC and 0.25% CR fed group.

Table S6: Effect of in-feed phytochemical supplementation on the prevalence of ampicillin,
strepromycin and oxytetracycline resistant indigenous cecal bacteria in chicken gut on day 12
(log10 cfu/ml)
Ampicillin
Control
9.12 ± 0.15
T1
8.60 ± 0.22
T2
9.05 ± 0.18
T3
9.24 ± 0.13
T4
8.87 ± 0.11
T5
8.76 ± 0.10
T1 - 0.5% TC fed group, T2

Streptomycin
Oxytetracycline
9.48 ± 0.38
10.0 ± 0.28
9.27 ± 0.17
9.89 ± 0.25
9.15 ± 0.08
9.61 ± 0.26
9.38 + 0.12
9.57 ± 0.17
9.10 ± 0.14
8.90 ± 0.07
9.07 ± 0.23
9.47 ± 0.19
- 1% TC fed group, T3 - 0.125% CR fed group, T4 - 0.5% CR fed

group, T5 - 0.25% TC and 0.25% CR fed group.
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CHAPTER V
Summary
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The evolution and global spread of antibiotic resistant (AR) microorganisms and AR genes
are major public health threats facing humankind in the 21st century. The aggressive usage of
antibiotics for therapeutic, prophylactic and growth promotional activities in animal production
led to drug-resistant Salmonella in animals. The selective pressure exerted by antibiotic
consumption in animals enables commensal bacteria to acquire antibiotic resistance genes (ARGs)
from resistant Salmonella through horizontal gene transfer (HGT). A significant proportion of
human salmonellosis outbreaks are linked to either direct or indirect contact with poultry and
poultry-derived food products. Antibiotic residues, ARGs and AR bacteria, including Salmonella
present in the poultry gut are expelled in feces resulting in environmental contamination. Hence,
measures are needed to control AR arising from food animals, including poultry. Non-antibiotic
therapeutic modalities such as the use of phytochemicals have been promising in controlling
foodborne pathogens. However, only a limited number of studies have investigated the efficacy of
phytochemicals for reducing HGT to control AR dissemination in the food production continuum.
The current Ph.D. dissertation investigated the in vitro and in vivo efficacy of phytochemicals,
namely trans-cinnamaldehyde (TC), carvacrol (CR), caprylic acid (CA), and beta-resorcylic acid
(BR), in reducing HGT transfer of AR between multidrug resistant Salmonella and non-pathogenic
E. coli.
In objective 1, in vitro studies were conducted in Luria Bertani broth, where the two most
common multidrug-resistant Salmonella serotypes, S. Heidelberg and S. Typhimurium, were used
as donors for the candidate AR gene blaTEM.The presence of blaTEM in both Salmonella serotypes
makes them resistant to beta-lactam class of antibiotics such as ampicillin. The non-pathogenic
recipient, E. coli OP50 becomes an ampicillin-resistant transconjugant by acquiring blaTEM from
the ampicillin-resistant Salmonella. The phytochemicals, TC, CR, CA and BR were used in vitro
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to test their efficacy on reducing transfer frequency of blaTEM. Both donor and recipient bacteria
were inoculated in 1:1 (105log10: 10 5log10) ratio in broth along with sub-inhibitory concentrations
of the four phytochemicals. Transconjugant, donor and recipient bacterial populations were
enumerated after 24 hours of incubation at 370C. The results revealed a significant reduction in
blaTEM transfer frequency from both Salmonella serotypes to E. coli in the presence of the various
phytochemicals (p<0.05). Carvacrol completely inhibited the transfer of blaTEM, while TC, CA and
BR reduced the transfer frequency by at least 75% (p<0.05). Bacterial conjugation is considered
as the common mode of HGT and is mediated by F pilus. F pilus synthesis requires the coordinated
expression of several tra genes. To determine the effect of phytochemicals on conjugation, realtime quantitative PCT (RT-qPCR) analysis of conjugation associated transfer genes tra G, H, I, J,
M, N, R and finO (fertility inhibition gene) was performed on donor Salmonella in the presence of
phytochemicals. Significant downregulation in several tra genes and upregulation in finO
(repressor of conjugation) was observed with all of the phytochemicals (p<0.05). Further, electron
microscopy observation showed reduced F pilus presence on phytochemical-treated Salmonella.
In addition, the lack of plasmid segregation and deletion in the plasmid curing assay further
reinforced the fact that the phytochemicals mediate their effect by inhibiting the bacterial
conjugative machinery
In Objective 2, the ability of phytochemicals in reducing AR transfer frequency was tested
in a farm environment model by studying the transfer in animal manure and water. S. Typhimurium
and S. Heidelberg was used as donor in bovine and poultry manure, respectively. In addition, the
HGT frequency for both Salmonella serotypes was tested in water as well. Concurring with the in
vitro experiments from the previous objective, carvacrol showed the greatest reduction in transfer
frequency (more than 95%) in manure when compared to the untreated controls (p<0.05).
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Moreover, TC, CA, and BR significantly reduced the transfer frequency by at least 65% in manure
and water (p<0.05). The results suggest the potential application of phytochemicals as an on-farm
waste management strategy to reduce AR dissemination.
To further confirm the results obtained from in vitro studies, the efficacy of phytochemicals
was tested in in vivo animal gut models. Based on anti-pathogenic properties along with proven
palatability of TC and CR from our previous research, these two phytochemicals were utilized in
in vivo models. Initial investigations were performed in the invertebrate model, C. elegans where
worms were fed TC and CR along with the donor S. Heidelberg and recipient E. coli OP50. Results
from the invertebrate model revealed a complete inhibition in the transfer of blaTEM from the donor
to recipient in the CR fed groups when compared to the control groups. Although no significant
reductions were observed with TC fed groups, transfer frequency was reduced by 20% in this
group (p>0.05). Furthermore, the phytochemical efficacy was tested in chickens by feeding dayold chicks with TC, CR and TC-CR combinations. A subset of the birds from the in vivo assay on
days 7 and 16 post-phytochemical feeding was utilized for the ex vivo assay, wherein whole cecal
pairs were challenged with 108 log10 cfu/ml each of S. Heidelberg and E. coli and enumerated for
transconjugant, donor and recipient populations after 4 hours of incubation at 41oC. On day 7 postfeeding, there was a significant reduction in the transfer frequency of blaTEM from Salmonella to
E. coli with greater than 95% in the 1% TC, 0.125% CR and 0.5% TC-CR combination fed
treatment groups. After 16 days of feeding the phytochemicals, 0.5%TC, 0.125% CR, 0.5% CR
and TC-CR supplemented groups showed a significant reduction in transfer frequency by at least
90%. Further, in vivo conjugation experiments were conducted by oral inoculation of 10 8 log10
each of S. Heidelberg and E. coli on day 8. Birds were sacrificed on day 10, 12 and 14 of
phytochemical feeding and enumerated for transconjugant, donor and recipient populations. There
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was no significant reduction in transfer frequency (P > 0.05), however, a regular trend of declining
transfer frequency was observed with all the phytochemical treatments (p>0.05). TC supplemented
groups showed a reduction by at least 20%, CR supplemented groups reduced transfer frequency
by at least 45% and TC-CR combination fed groups reduced transfer frequency of more than 70%
when compared to the control (p>0.05).
In conclusion, this Ph.D. dissertation explored the efficacy of phytochemicals for
mitigating AR dissemination in the food production continuum, with poultry as the focus sector.
The results from this project showed the possibility for phytochemical to be used as feed additive
and as a treatment for manure and water for reducing AR spread.
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